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Abstract
An automated flow chemistry platform for DNA-encoded library (DEL) technologies requires the integration of a purifica-
tion process for DNA-tagged substrates. It facilitates the development of further DEL reactions, building block rehearsal, 
and library synthesis. Therefore, a recently developed, manual affinity-based batch purification process for DNA-tagged 
substrates based on dispersive solid-phase extraction (DSPE) was transferred to automated flow chemistry using tailored 
3D-printed microfluidic devices and open-source lab automation equipment. The immobilization and purification steps 
use Watson–Crick base pairing for a compound-encoding single-stranded DNA, which allows for the thorough removal of 
impurities and contaminations by washing steps and operationally simple recovery of the purified DNA-encoded compounds. 
This work optimized the annealing step for flow incubation and DNA purification was accomplished by flow DSPE washing/
elution steps. The manually performed batch affinity-based purification process was compared with the microfluidic process 
by determining qualitative and quantitative DNA recovery parameters. It aimed at comparing batch and flow purification 
processes with regard to DNA recovery and purity to benefit from the high potential for automation, precise process control, 
and higher information density of the microfluidic purification process for DNA-tagged substrates. Manual operations were 
minimized by applying an automation strategy to demonstrate the potential for integrating the microfluidic affinity-based 
purification process for DNA-tagged substrates into an automated DNA-encoded flow chemistry platform.

Keywords  DNA-encoded chemistry · DNA purification · Dispersive solid-phase extraction (DSPE) · Affinity-based 
purification · Microfluidic · Flow chemistry · 3D-printed lab equipment · Open-source lab automation

Introduction

DNA-encoded library (DEL) technology is one of the leading 
screening technologies for identifying small biologically active 
molecules. Compounds are identified from DELs based on 
their DNA-sequence [1–3]. DELs are typically synthesized by 
iteration of combinatorial chemical reaction cycles, and liga-
tion of DNA fragments for the construction of DNA-barcode 
[4, 5]. DELs offer an alternative to costly high-throughput 
screening (HTS) in drug discovery [1, 6]. DNA-tagged reaction 

products are purified prior to analysis by manual pipetting and 
classical batch processes such as ethanol precipitation, ion-
pair high performance liquid chromatography (HPLC), and 
ion-exchange chromatography [7–11]. The advantages and 
limitations of these purification processes have been discussed 
in the literature on DEL purity [5, 9, 12–14]. To establish a 
new affinity-based purification method for DNA-tagged sub-
strates, Götte et al [5, 12]. adopted prior knowledge of DNA-
encoded chemistry on a solid-phase, called controlled pore 
glass (CPG) of the Brunschweiger group [1–3, 6, 15], as well 
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as the affinity-based purification of mRNA by Gagnon et al. [7, 
16, 17], based on dispersive solid-phase extraction (DSPE). In 
this process, DSPE is a chemical-physical principle of solid-
phase extraction (SPE), in which the solid-phase is not station-
ary fixed but dispersed in the solution [18, 19]. The idea of this 
affinity-based purification process for DNA is that a single-
stranded (ss)DNA was bound to a solid-phase, called matrix, 
to subsequently bind a complementary compound-encoding 
DNA-sequence via Watson–Crick interactions [5]. Then, con-
taminations are thoroughly removed by washing steps with a 
range of solvents and buffers, while the DNA remained bound 
on the solid-phase, as shown in Fig. 1.

Figure 1 explains the four steps of annealing, washing, 
elution, and drying of the DSPE process modified for DNA-
substrates according to Götte et al. [5, 12]. A 14mer fully 
complementary ssDNA-2a was labeled with a fluorophore 
to ssDNA-2b for in-process control. DNA-2b was used as 
a model analyte-DNA for a DNA-tagged compound repre-
senting a DNA reaction product after DEL-synthesis. Aga-
rose particles form the agarose-matrix as solid-phase. A 
copper-catalyzed alkyne-azide cycloaddition reaction (ESI 
Scheme S 1), coupled a complementary 14mer ssDNA to 
the solid agarose-matrix to form the capture-DNA-1. The 
first step of the DSPE process is the annealing step, in which 
the analyte-DNA-2b was immobilized to the adsorbent 

capture-DNA-1 by Watson–Crick interaction. This step 
depends on the buffer solution and incubation conditions, 
such as temperature and time (ESI Section "Section 2.2"). 
For the second step, the washing step, the bound matrix-
analyte-complex was transferred to a filter column with a 
pore size below the particle size of the agarose-matrix. Then, 
the contaminations were removed from the bound matrix-
analyte-complex under highly stringent washing conditions 
using a range of washing solvents of decreasing polarities 
and optionally buffers to remove metal contaminations [6, 
15]. According to Götte et al. [5, 12], the optimized washing 
conditions (ESI Figure S 1) include purified water (dH2O) to 
separate all water-soluble components and to fix the matrix-
analyte-complex on the filter. Next, ethylenediaminetetraac-
etate (EDTA) removed metal ions, and residues were rinsed 
out again by dH2O. Subsequently, organic solvents with dif-
ferent polarities removed contaminants of different polarities 
and solubilities. The washing solvents included dimethylfor-
mamide (DMF), methanol (MeOH), acetonitrile (MeCN), 
and dichloromethane (CH2Cl2). In the next step of DSPE, 
the purified DNA-2b was eluted from the complementary 
capture-DNA-1 using 32% aqueous solution of NH3 as the 
elution solvent and dried by evaporation.

In previous work of our groups [5], automation of the repet-
itive and laborious washing/elution steps of the established 

Fig. 1   Dispersive solid-phase extraction  (DSPE) process for 
DNA-tagged substrates established by Götte  et  al. [5]. The first 
step is annealing, in which the contaminated, compound encod-
ing analyte-DNA-2b was bound via Watson–Crick interactions to 
the capture-DNA-1 containing the agarose-matrix (solid-phase). 
In the second step, six different washing solvents with different 

polarities remove the contaminations sequentially, while a filter 
retains the solid-phase. In the elution step, the elution solvent 
separates the purified compound-encoding DNA from the solid-
phase. In the last step, the purified analyte-DNA-2b was isolated 
by evaporating solvent residuals and can be used again for further 
DEL synthesis steps
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affinity-based purification was effectively performed in batch 
mode using 96-microwell filter plates and 3D-printed tailored 
vacuum chambers. This demonstrated that the established puri-
fication process was robust enough for batch automation and 
provided comparable DNA recoveries with high precision as 
the manually purified analyte-DNA [5]. This motivated us to 
proceed one step further and transfer the batch process into an 
automated flow process. This work is framed by the ambition 
to create an integrated, efficient, and automated microfluidic 
platform for DNA-encoded chemistry, including preparation, 
reaction, purification, and analysis steps. This approach com-
bines two leading technologies and the DEL synthesis benefits 
from the advantages of flow chemistry, e.g., the potential for 
precise process control and higher efficiency [18, 20]. As a 
first step towards the DNA-encoded flow chemistry platform, 
Dinter et al [4]. successfully transferred the amide coupling 
reaction with DNA-tagged substrates into a microfluidic reac-
tor system using 3D printing and open-source automation. In 
addition to the reaction transfer, the purification steps of the 
DNA reaction mixture prior to analysis are equally necessary 
for an integrated and automated microfluidic DEL-synthesis 
platform. This work addresses the significant challenge of 
achieving high-quality DNA in encoded products to avoid 
the carry-over of reagents into subsequent synthesis steps by 
removing contaminations through a microfluidic affinity-based 
purification process for DNA. A few publications have already 
investigated microfluidic and flow chemistry affinity-based 
compound purification but without DNA-tagged substrates or 
DEL reaction mixtures [18, 21]. This work focused on trans-
ferring affinity-based batch purification to flow chemistry, and 
aimed to obtain comparable batch and flow results regarding 
DNA purity and DNA recovery using model analyte-DNA. 
First, the annealing step was optimized for flow incubation 
by solving the key challenges of shaking and heating analyte-
DNA and handling the solid agarose-matrix particles in the 
microchannel. The robust application of the flow annealing 
concept was confirmed using longer ssDNA. Next, the flow 
washing/elution concepts were developed by optimizing the 
DNA purity and excluding cross-contaminations and DNA 
loss in the microchannel. Finally, both microfluidic annealing 
and washing/elution concepts were combined and automated 
by tailored microfluidic sensors and actuators with open-
source hard- and software to minimize manual operations. 
This demonstrates the potential for integrating the microfluidic 
affinity-based purification process into an automated DNA-
encoded flow chemistry platform.

Results and discussion

This work adapted an optimized affinity-based batch puri-
fication procedure for DNA-labelled substrates developed 
by Götte et al [5]. to an automated microfluidic concept. 

The annealing, washing, and elution steps were transferred 
to an automated microfluidic purification concept. The 
remaining drying and analysis steps (Fig. 1) were still per-
formed manually with a vacuum centrifuge and UV–Vis 
spectroscopy. The analytic process for DNA recovery is 
briefly discussed before describing the process design and 
evaluating the flow concepts.

Analytical process for DNA recovery

For all model analyte-DNA to be purified and analyzed, 
the initial DNA amount before purification was 500 pmol, 
which presents the target value of comparing the flow with 
the batch process. The stock solutions with 500 pmol ini-
tial DNA amount were prepared by performing the proce-
dure, as explained in ESI Section 2.1. Here, the analyte-
DNA to be purified and the capture-DNA were pipetted 
from a stock solution and represented an aliquot from a 
stock solution, as shown in Fig. 2. Due to variations in 
the composition of the agarose-matrix, the samples must 
be taken from the same stock solution to investigate and 
compare the affinity-based purification process in batch 
and flow, as explained in detail in the ESI Section 3.1.4. 
Six replicates were prepared from the same stock solution 
to achieve statistically relevant results. Three samples were 
purified in batch (B1, B2, B3) for reference, and three 
samples were purified in flow (F1, F2, F3), as presented 
in (Fig. 2).

To evaluate the automated microfluidic affinity-based 
purification process and the head-to-head comparison of 
flow and batch process, the UV–Vis spectrum of the total 
absorbance was measured three times for each sample 
(e.g., B1.1, B1.2, B1.3) to obtain analytical triplicates. 
The results were dimensionless absorbance spectra from 
230 nm (A230) to 280 nm (A280) with the absorption 
maximum of DNA at 260 nm (A260), which is typical 
for nucleic acids [22]. The DNA purity as a qualitative 
indicator is expressed in terms of the absorption ratios of 
a sample (e.g. A260/A280), as explained in ESI. In addi-
tion further quantitative parameters were calculated using 
OligoCalc [23] and the characteristic DNA peak (A260) 
of the absorption spectra, as described in ESI. With these 
qualitative and quantitative parameters, the DNA recovery 
can be evaluated and compared between batch and the flow 
affinity-based purification process.

Flow annealing concept

The initial focus of this study was to transfer the discon-
tinuous annealing step into a flow annealing concept. Previ-
ous studies on the batch purification process have investi-
gated different solid support materials, the stability of the 
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Fig. 2   Scheme of sample 
distribution and measurement 
procedure. The stock solution 
(S#) contained the analyte-DNA 
and the capture-DNA. Six bio-
chemical replicates were taken 
from the stock solution. Three 
samples were used in the refer-
ence affinity-based batch puri-
fication process (B1, B2, B3), 
and three samples were used in 
the newly developed affinity-
based flow purification process 
(F1, F2, F3). After purifying all 
samples in batch and flow, each 
sample (B1) was measured three 
times using UV–Vis spectros-
copy (e.g., B1.1, B1.2, B1.3) to 
obtain analytical replicates. The 
measured absorbance spectra 
were stored in a data struc-
ture and proceeded by Python 
calculations
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matrix-analyte-complex under washing conditions, and the 
impact of incubation temperature and time on binding the 
DNA-2b to the complementary capture-DNA-1 [5, 12]. 
This work served as a starting point for investigating an 
affinity-based flow purification process. The first technical 
challenge for the flow purification process of parallel shak-
ing and heating of batch samples on a thermal shaker were 
solved by pumping the flow sample through a fluoroethylene 
propylene (FEP) tube tempered in a water bath. However, 
one of the most crucial challenges was handling the solid 
bead particles of the sample. This results in a suspension of 
agarose-matrix particles with a size of 50 – 150 µm tending 
to sediment in the stock solution after only 5 s (ESI Sec-
tion 3.1.4). Therefore, mixing the sample homogeneously 
and transferring it to a microfluidic process without leaving 
particles in the microchannel was challenging, which would 
have reduced the stringency of purification and recovery 
of DNA. This was accomplished by pumping the samples 
back and forth through the FEP-tube for a prespecified heat-
ing and cooling time. Preliminary studies investigated the 
impact of the inner channel diameter on sedimentation, as 
shown in ESI Section 3.1.4. The overview and experimental 
setup of the flow annealing concept are shown in Fig. 3 A,B. 
To ensure successful incubation of capture-DNA-1, fluo-
rescence-labeled DNA-2b was used that was visible in the 
FEP-tube during the flow process (Fig. 3 C).

In Fig. 3 A,B, the sample containing the analyte-DNA-
2b and the capture-DNA-1 was mixed and pumped into 
the microfluidic system. The thermal shaker of the batch 
annealing concept was replaced by a tempering water bath 
and a FEP-tube with a total length of 2.8 m. After primarily 
studying the inner channel diameter to avoid sedimentation 
of the sample inside the FEP-tube (ESI Section 3.1.4), an 
inner channel diameter of 1.6 mm was chosen. The channel 
was classified into the first section of 0.2 m, where the sam-
ple was introduced into the microfluidic system, followed 
by a coiled section of 1.0 m for incubating the sample in 
the water bath. After incubation, the sample was cooled to 
room temperature (RT) in another coiled FEP-tube of 1.6 m 
outside the water batch. The detailed protocol and procedure 
are described in the ESI Section 3.1.3. Figure 3 C shows 
the sample after successfully incubating and forming the 
analyte-matrix-complex by Watson–Crick interactions. In 
addition, Fig. 3 C confirms that no sedimentation of the 
sample was seen during flow annealing, as the most intense 
discoloration occurs in the vicinity of the agarose-matrix. 
A negative example where sedimentation occurs in FEP-
tubes with smaller channel diameters is given in the ESI 
Section 3.1.4. After successfully annealing of the DNA oli-
gonucleotides in flow, the sample was loaded onto a filter 
column (C1) for subsequent washing/elution.

Next, the volumetric flow rate as a potentially relevant 
parameter, the robustness (incubation temperature, longer 

analyte-ssDNA oligonucleotides) of the flow annealing 
concept, and the qualitative and quantitative DNA recov-
ery parameters defined previously were characterized by 
the following set of experiments. These experiments aim at 
achieving comparable recoveries of the purified DNA-2b by 
flow and batch purification. Two triplicates (2 × 3 samples) 
were prepared from the same stock solution (S), as explained 
in Fig. 2. The first triplicate was discontinuously annealed 
in batch (BA), and the second triplicate was continuously 
annealed in flow (FA). Finally, further purification steps, 
such as washing/elution, were performed in batch (BW) 
to directly compare the batch and flow annealing regard-
ing DNA recovery and purity. Figure 4 shows the results of 
transferring the discontinuous annealing step to a continuous 
microfluidic concept with the relevant parameters.

In the first set of experiments, the effect of the volumet-
ric flow rates on the annealing quality was evaluated in a 
range of 0.8 – 3.6 mL min−1 (Fig. 4 A). Looking first at 
the average UV–Vis spectra of each sample as a quantita-
tive parameter in Fig. 4 A-a), all samples show the charac-
teristic peak at the wavelength A260 and the valley at the 
wavelength A240. This indicated the successful develop-
ment of DNA annealing in flow. The individual results of 
each analytical batch and flow triplicate can be found in the 
ESI Table S 4. To examine qualitative DNA recovery and 
the effect of increasing volumetric flow rates, the averaged 
DNA-2b recoveries of the triplicated samples after flow 
annealing (FA) were calculated and visualized in the bar 
chart in Fig. 4 A-b). The same pattern in the bar plot repre-
sents the corresponding batch recoveries of the same stock 
solution. At the lowest volumetric flow rate of 0.8 mL min−1, 
DNA recovery was lowest at 360 ± 75 pmol and a significant 
deviation of 21% from the batch reference, as confirmed 
in the parity plot (Fig. 4 A-c)). If the volumetric flow rate 
was increased by 0.7 mL min−1, the recovery DNA-2b was 
increased to 458 ± 26 pmol. In the parity plot, the devia-
tion from the batch reference was still too high, which is 
illustrated by the fact that samples from stock solution S17 
were in the upper margin of the valid precision range of 
20%. However, a further increase in the volumetric flow rate 
did not yield higher DNA-2b recoveries, and the sample 
annealed at 2.2 mL min−1 was in the same upper margin 
of the parity plot. The highest amount of recovered DNA-
2b in this set of experiments was yielded at 2.9 mL min−1 
with 468 ± 38 pmol, showing the lowest deviation from the 
batch reference, as confirmed in the parity plot. A further 
increase in flow rate to 3.6 mL min−1 caused a decrease 
of the recovered DNA-2b to 366 ± 15 pmol, as controlled 
incubation was no longer possible. This effect was con-
firmed and observed by increasing the volumetric flow rate 
above 3.6 mL min−1, but was not further investigated in this 
study. The first set of experiments showed that reproducible 
and comparable DNA-2b recoveries were achieved by the 
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Fig. 3   Overview and experimental setup of the flow annealing 
concept. A) Schematic structure of microfluidic DNA annealing, 
including two tempering coiled loops for incubation (heating) and 
cooling. The stock solution were pumped as a slug into the micro-
channel and incubated for a defined temperature and time, depend-
ing on the set of experiments. After incubation, the matrix-analyte 
complex was cooled at room temperature (RT) and loaded into a 

filter column  (C1) for washing/elution. B) Experimental setup, 
the arrows indicate the flow direction of the analyte-DNA taken 
from stock solution. The FEP-tube was coiled around a rack and 
immersed in a water bath for heating. C) Procedure of incubation 
and immobilizing the fluorescent DNA-2b (green-yellow staining) 
to the capture-DNA-1 as the most intense discoloration indicated 
successful binding
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volumetric flow rate at 2.9 mL min−1, as it ensured sufficient 
mixing of the sample and contact time of capture-DNA-1 
with analyte-DNA-2b. Thus, the volumetric flow rate was 
set to 2.9 mL min−1 for flow annealing (FA) in the following 
experiments.

After verifying the feasibility of the flow annealing con-
cept for DNA-tagged substrates, the applicability for longer 
ssDNA-strands as analyte-DNA was investigated. This 
step will be important to make affinity-based purification 

applicable to the different steps in a DEL synthesis, which 
are accompanied by the growing DNA chain. The samples 
were prepared analogously to the previous experiments with 
14mer analyte-DNA-2a, only that longer DNA oligonucleo-
tides were used containing a partial sequence complemen-
tary to the capture-DNA-1 (Fig. 4 B). First, a 30mer DNA-
3a was annealed in parallel continuously in flow (FA) and 
discontinuously in batch (BA) by incubating the sample at 
45 °C for 10 min. The incubation temperature was increased 

Fig. 4   Characterization, comparison, and robustness of the relevant 
parameters on flow annealing concept. The triplicates from the stock 
solutions  (S#) containing the analyte-DNA-2b  (500  pmol) and the 
capture-DNA-1. They were continuously annealed in flow  (FA) 
and discontinuously annealed in batch  (BA). All further affinity-
based purification steps, such as washing/elution, were carried out in 
batch  (BW) to compare both annealing modes directly: a) UV–Vis 
absorbance spectrum with quantitative DNA recovery; b) bar-plot 
with qualitative DNA recovery (nrecovered in pmol, Yrecovered in %) cal-

culated by the absorbance spectrum at A260; c) parity-plot for com-
paring the qualitative DNA recovery after flow and batch annealing. 
A) Investigation of five increasing volumetric flow rates on the flow 
annealing (FA) by incubating the sample for 10 min at 35 °C in flow 
(blue colors). Compared with corresponding batch annealed  (BA) 
samples using the same incubation conditions (green colors). B) 
Robustness of the flow annealing using longer analyte-ssDNA with 
increasing base numbers (DNA-2a = 14mer, DNA-3a = 30mer, DNA-
4a = 60mer, DNA-5a = 90mer) and the same capture-DNA-1 (14mer)
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from 35 °C to 45 °C for this set of experiments to verify that 
the flow annealing concept was robust at varying tempera-
tures, as previously shown by Götte et al. [5, 12]. The same 
procedures were repeated for 60mer DNA-4a and 90mer 
DNA-5a. The results shown in Fig. 4 B-a) indicated that 
these longer DNA-strands were purified in the same way as 
a fully complementary analyte-DNA (14mer). Examination 
of qualitative DNA parameters (Fig. 4 B-b) shows that the 
DNA recovery for longer strands of analyte-DNA decreased 
from 483 ± 17 pmol (14mer DNA-2a) to 285 ± 14 pmol 
(90mer DNA-5a) for the reference batch annealing. The 
same trend was seen for the flow annealing concept, where 
14mer DNA-2a yielded 468 ± 38 pmol after purification and 
recovery decreased to 213 ± 17 pmol for 90mer DNA-5a. 
The decreasing trend is confirmed using manually batch 
affinity-based purification [12] and underlines the correct 
transfer of batch to flow annealing process. The parity plot 
(Fig. 4 B-c) verifies this decreasing trend and points out 
that the DNA recovery with a longer-stranded analyte-DNA 
was lower in flow than in batch. For 60mer analyte-DNA-
4a and 90mer analyte-DNA-5a, the DNA recoveries were 
in the lower margin of the valid precision range. Thus, the 
previously designed process was suitable for up to 60mer 
analyte-DNA oligonucleotides. Supposing that recovery 
of longer DNA-strands is required for further application, 
longer capture-DNA oligonucleotides will be tested, such as 
a 20mer. In addition, the incubation and cooling temperate, 
as well as the related process time, might have been too low 
for longer-stranded analyte-DNA [12].

For the first time, it has been demonstrated that the 
annealing step of the affinity-based purification process for 
DEL technologies was transferable into a microfluidic pro-
cess. Nevertheless, this set of experiments demonstrated the 
application and transfer to the flow annealing concept using 
longer DNA strands and showed comparable trends to the 
batch experiments for DNA purity and recovery. Further-
more, this second set of experiments clearly demonstrated 
the robustness and limitations of the newly designed flow 
annealing process using 14mer capture-DNA-1 for DNA-
tagged substrates and that longer capture-DNA oligonucleo-
tides were required for longer analyte-DNA sequences.

Flow washing/elution concept

Following the successful demonstration of the microflu-
idic annealing concept with fluorescence-labeled DNA-2b 
annealed to the fully complementary single-stranded capture-
DNA-1, this section focuses on the transfer of the washing/
elution steps of the DSPE (Fig. 1) to a flow washing concept 
for purifying the contaminated analyte-DNA. Here, it is essen-
tial that the washing solvents do not disrupt the Watson–Crick 
interaction of analyte and capture-DNA. First, the solvents 
must be dosed onto the filter column (C1) in a specific order 

and volume. In batch mode, this was done by manual pipet-
ting, but in flow mode, a tailored multi-port valve (V1) con-
trolled by open-source hardware was applied. The valve (V1) 
consists of a NEMA 23 stepper motor and a tailored shaft 
coupler with an adapter for a multi-port valve (V1). The 
technical drawings, construction, and detailed information 
about the tailored multi-port valve (V1) are included in the 
ESI Section 3.2.2. Second, for pumping the solvents onto the 
filter column (C1) and ensuring that the sample was in con-
tact with the solvents, a vacuum chamber was used in batch 
mode, according to the purification protocol. In flow mode, 
the solvents were pumped to the filter column (C1) using a 
peristaltic pump (P1). The overview of the experimental flow 
washing/elution setup is illustrated in Fig. 5.

The washing/elution solvents were stored in 10  mL 
syringes connected directly to the multi-port valve (V1). 
CH2Cl2 was stored in a 5 mL glass syringe on ice, as its low 
vapor pressure could lead to gas formation and thus inaccu-
rate dosing [24]. Between the solvents, dH2O and ambient air 
were used to prevent mixing or dilution of the pure organic 
solvents, as discussed in the ESI Section 3.2.4. Next, the filter 
column (C1) containing the contaminated analyte-DNA was 
connected to outlet port 9 of the multi-port valve (V1). The 
volume of each solvent was increased from 600 µL in batch 
to 650 µL in flow to ensure that the solvents completely wet 
the filter column (C1) and to compensate for the dead vol-
ume between the syringe screw connection and the multi-port 
valve (V1). After washing, 2 × 250 µL NH3 (aq.) was dosed 
at a volumetric flow rate of 0.8 mL min−1 through the same 
multi-port valve (V1) at port 8 to elute the analyte-DNA. The 
volumetric flow rate of the elution solvent NH3 (aq.) was not 
changed in the following set of experiments, since a low flow 
rate was required to account for the low vapor pressure of 
aqueous ammonia of 0.837 bar at 20°C [25]. Finally, a tailored 
three-port valve (V2) controlled by a servo motor and auto-
mated with open-source hardware separated the used washing 
solvents with the contaminations from the purified analyte-
DNA (ESI Section 3.2.2). After complete washing/elution, the 
remaining elution solvent was subsequently evaporated in the 
discontinuous drying step to obtain the purified and isolated 
analyte-DNA (Fig. 1, and ESI Section 2.5).

Before examining the qualitative and quantitative DNA 
recovery parameters affects the flow purification, it needed 
to make sure the error-free functionality of the newly devel-
oped microfluidic washing/elution for DNA-tagged substrates. 
In these preliminary experiments (ESI Section 3.2.4), it was 
validated that no cross-contamination and no loss of analyte-
DNA occurred in the microfluidic system To reduce the effect 
of direct contact between the pure organic solvents affect-
ing DNA recovery, ambient air was used between solvent 
changes, as discussed in ESI Section 3.2.4.. After successfully 
verifying the error-free functionality of the microfluidic wash-
ing/elution concept, the relevant parameters (volumetric flow  
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rate of the washing) affecting the purity and recovery of the 
analyte-DNA were characterized.

The following experiments aimed at achieving compara-
ble recoveries of purified DNA-2b using the flow and batch 
affinity-based purification process. Two triplicates (2 × 3 sam-
ples) were prepared from the same stock solution, as shown in 
Fig. 2. The first triplicate was discontinuously washed in batch 
(BW), and the second triplicate was continuously washed in 
flow (FW). The preceding annealing step was performed in 
batch (BA) to directly compare batch and flow washing/elu-
tion regarding the affinity-based purification process strin-
gency. Figure 6 shows the results of transferring the discon-
tinuous washing/elution steps to a continuous microfluidic 
washing/elution concept with the relevant parameters.

The first set of experiments (Fig. 6 A) investigated the three 
increasing volumes (50, 150, 250 µL) of ambient air to sepa-
rate the pure organic washing solvents and their impact on the 
flow washing DNA recovery. Preliminary tests had already 
shown that pumping ambient air between the seven solvents 
prevented solvent mixing and improved DNA recovery in the 
flow process achieving comparable DNA recoveries between 
batch and flow (ESI Section 3.2.4). Looking first at the aver-
age UV–Vis spectra of each sample as a quantitative param-
eter in Fig. 6 A-a), all samples show the characteristic peak at 
260 nm wavelength (A260) and the valley at 240 nm wave-
length (A240). This indicated that the discontinuous washing 
steps were successfully transferred to the flow concept (ESI 
Table S 4). Looking more closely at the A260/A230 absorp-
tion ratio, the highest absorption ratio resulting in the highest 
purity, was found by 50 µL of ambient air between each wash-
ing solvent during the flow washing concept. The averaged 
DNA-2b recoveries after flow washing/elution (FW) were cal-
culated and plotted in the bar chart Fig. 6 A-b) to determine 

qualitative DNA recovery. The same pattern in the bar plot 
represents samples from the same stock solution, making the 
flow samples comparable to the corresponding batch refer-
ences. The bar plot confirmed the previously observed quali-
tative effect that the highest yield of DNA-2b was recovered 
using 50 µL of ambient air between each solvent. The DNA 
recovery in flow was 429 ± 25 pmol, providing comparable 
recoveries with high precision to the batch reference sample of 
436 ± 16 pmol. Thus, in the following, the volume of ambient 
air was set to 50 µL for flow washing.

The second set of experiments focused on the volumet-
ric flow rate of the washing solvents, which varied in the 
range of 1.0 mL min−1 to 3.0 mL min−1. Figure 6 B shows 
the quantitative and qualitative DNA recovery parameters. 
For all purified samples analyzed by UV–Vis spectroscopy 
confirmed the successful affinity-based purification of ana-
lyte-DNA-2b independent of the volumetric flow rate of 
the washing solvents. This underlines the robustness of the 
Watson–Crick interaction based-purification process, as only 
little loss of the analyte-DNA was observed (ESI Table S 4). 
The best A260/A230 ratio was obtained for the samples 
purified at solvent volumetric flow rates of 1.5 mL min−1 
(ratio = 1.29) and 2.0 mL min−1 (ratio = 1.27). The samples 
purified with 1.0 mL min−1 (ratio = 1.10) and 3.0 mL min−1 
(ratio = 1.16) showed the lowest A260/A230 ratio in this 
set of experiments. The bar plot showing qualitative DNA 
recoveries confirms this trend (Fig. 6 B-b). Here, the highest 
DNA recoveries were found at a flow rate of 1.5 mL min−1 
with 429 ± 25 pmol and 2.0 mL min−1 with 419 ± 19 pmol. 
Comparison with the corresponding batch reference from 
the same stock solution (same patterns in the bars) under-
lines comparable DNA-2b recoveries with high precision, 
as confirmed in the parity plot (Fig. 6 B-c). Based on these 

Fig. 5   Overview and experimental setup of the flow washing/elu-
tion concept. A  Schematically structure of microfluidic washing/
elution, including washing (red frames) and elution solvents (yellow 
frames). dH2O and air were used for both steps and marked with red-
yellow frames. The washing/elution solvents from the storage ves-
sels were pumped  (P1) through a multi-port valve  (V1) to the filter 

column  (C1), which was loaded with the analyte-matrix complex 
after annealing. Downstream of the filter column (C1), the dispersed 
contaminations and residuals were pumped to the waste  (washing 
step), or the eluate was pumped to the product vessels (elution step). 
B Experimental setup, where the arrows indicate the flow direction of 
the washing/elution solvents
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results, a volumetric flow rate for the combined mode of flow 
annealing and flow washing/elution was set to 1.5 mL min−1.

Excellent DNA recoveries of over 80% were achieved with 
the newly developed flow concept for washing/elution of ana-
lyte-DNA using 50 µL of ambient air between each solvent 
and a volumetric flow rate of the solvents of 1.5 mL min−1. 
It was confirmed that the washing/elution solvents did not 
introduce contamination into the microfluidic purification pro-
cess and thus had no effect on the purity of the analyte-DNA. 
The head-to-head comparison of the samples purified by the 

microfluidic process and the batch references averaged inside 
the precision range. Therefore, the flow washing/elution con-
cept was very well applicable for performing affinity-based 
purification steps in DEL-synthesis.

Automatable Flow Affinity‑Based Purification

Finally, the previously individually verified flow annealing 
and washing/elution concepts were combined and connected 
using a three-port valve (V3). In this way, performing an 

Fig. 6   Characterization and comparison of the relevant parameters 
on the flow washing/elution concept. The stock solutions (S) samples 
were incubated in batches to anneal the analyte-DNA-2b (500 pmol) 
to the capture-DNA-1. The annealed analyte-matrix-complex was 
continuously washed in flow (FW), and in parallel discontinuously 
in batch  (BW) to compare the both washing/elution modes directly: 
a) UV–Vis absorbance spectrum with quantitative DNA recovery; b) 

bar plot with qualitative DNA recovery (nrecovered in pmol, Yrecovered in 
%) calculated by the absorbance spectrum at A260; c) parity plot for 
comparing the qualitative DNA recovery after flow and batch anneal-
ing. A) Investigation of three increasing volumes of ambient air to 
separate the pure organic washing solvents. B) Investigation of five 
increasing volumetric flow rates of the washing solvents on the flow 
washing/elution
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automatable flow affinity-based purification of DNA-tagged 
substrates was possible. For the automation strategy, several 
tailored open-source sensors and actuators were built and 
integrated into the flow process to ensure reproducible exper-
imental procedure, monitoring, and control of the microflu-
idic affinity-based purification process, as shown in Fig. 7 A.

Physical computing and do-it-yourself lab-ware [26–28] 
have used open-source hardware and software for low-cost 
microfluidic automation. In this work, a Pt100 temperature 
sensor (TI) connected to an amplifier board and Arduino 
microcontroller-board  (MCB) monitors the water bath 

temperature during annealing. The photo resistance flow 
sensor (FI) developed by Höving et al [29]. monitors the 
back and forth pumping during incubation, as explained in 
Section "Flow annealing concept". A peristaltic pump (P1) 
was connected via an RS232-to-USB converter, and a self-
written Python library controlled the pump (P1) and set 
the volumetric flow rate (ESI Section 3.3.1). The multi-
port valve (V1) for washing/elution was automated using 
stepper motor drivers connected to an Arduino MCB. 
Two three-port valves (V2, V3) were tailored to the pro-
cess by open-source automation and driven by servo 

Fig. 7   Overview and comparison of the automatable continuous affin-
ity-based purification process of DNA-tagged substrates. A) Sche-
matic structure of the automated microfluidic annealing and wash-
ing/elution concept. a) Automation strategy with tailored sensors 
and actuators. b) Experimental setup, the arrows indicate the flow 
direction. B) Characterization of the complete automated continu-
ous affinity-based purification process of 500 pmol analyte-DNA-2b 

with tailored sensors and actuators. Comparison of flow purified sam-
ples (FA_FW) in blue colors with corresponding batch purified sam-
ples (BA_BW) in blue colors. a) UV–Vis absorbance spectrum with 
quantitative DNA recovery; b) bar plot with qualitative DNA recov-
ery (nrecovered in pmol, Yrecovered in %) calculated by the absorbance 
spectrum at A260; c) parity plot for comparing the qualitative DNA 
recovery after flow and batch annealing
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motors connected to another Arduino. The first three-port 
valve (V2) was installed between flow annealing and flow 
washing/elution to load the filter column (C1) with the 
analyte-matrix-complex. The second three-port valve (V3) 
switched from washing to elution for collecting the puri-
fied analyte-DNA-2b. A detailed overview of the installed 
sensors and actuators, including the automation strategy in 
Python can be found in the ESI Section 3.3.1.

In Fig. 7 B, the final set of experiments focused on com-
bining the previously developed flow annealing and washing/
elution concept using an automation strategy. The experi-
ments were repeated with and without the automated three-
port valve (V3) between the flow annealing and washing/
elution concept. The qualitative and quantitative DNA recov-
ery parameters aimed for comparable DNA recoveries of 
purified DNA-2b in batch and flow. Two triplicates (2 × 3 
samples) were prepared from a new stock solution and puri-
fied by batch (BA_BW) and flow (FA_FW) concepts. A first 
look at the averaged absorption spectra indicates as a quan-
titative parameter (Fig. 7 B-a) that both the flow and refer-
ence batch samples were purified successfully, confirming 
the previous findings. The calculated yield of DNA recovery 
as a qualitative parameter (Fig. 7 B-b,c) shows the effective 
automation of the flow annealing and the flow washing/elu-
tion in a high precision range. First, analyte-DNA was puri-
fied by manual reconnection of the automated flow annealing 
and washing/elution concepts. Concerning the results of the 
validation experiments (Fig. 4, Fig. 6, Fig. 7), comparable 
DNA recoveries were observed with high precision in this 
set of experiments, as seen in the parity plot. To avoid the 
manual transfer of the sample to the filter column (C1) for 
flow washing/elution after flow annealing, a tailored and 
automated three-port valve (V3) was installed to recover 
DNA with minimal loss in flow (435 ± 35 pmol), satisfac-
torily combining automated flow annealing and washing/
elution. These results pave the way toward integrating the 
affinity-based purification process into an automated synthe-
sis platform for DNA-encoded library synthesis.

Conclusion and Outlook

The purification of DNA-tagged substrates is an essential 
step in DNA-encoded chemistry. This work was motivated 
to transfer the established affinity-based batch purification 
process based on DSPE for DEL technology by Götte et al 
[5, 12]. into an automatable continuous flow process for 
purifying DNA-conjugates in the microliter range. In this 
contribution, automated microfluidic annealing and wash-
ing/elution concepts were developed and evaluated for 
DNA-encoded chemistry efficiently using open-source 
lab automation and tailored 3D-printed equipment for the 
first time. This work aimed at comparing batch and flow 

purification processes regarding DNA recovery and purity 
by determining qualitative (absorbance spectra) and quan-
titative (recovered amount of substance) parameters. First, 
the annealing step of the DSPE was transferred from batch 
to flow by binding an ssDNA to an agarose-matrix, called 
capture-DNA, which was then bound to an analyte-DNA via 
Watson–Crick interactions. The results confirm that compa-
rable analyte-DNA recoveries were achieved in both batch 
and flow using the flow annealing concept as the first step 
of the DSPE. The application of the new flow annealing 
concept was verified with longer analyte-DNA strands. It 
revealed the same trend of decreasing DNA recoveries as 
the batch reference for longer analyte-DNA strands. Next, 
the relevant parameters of the flow washing process were 
optimized for thoroughly washing the bound analyte-DNA 
with various aqueous and organic solvents and removing 
impurities and contaminations of different polarities. The 
purified analyte-DNA was then isolated from the fully com-
plementary DNA-strand and the solid-phase by the elution 
solvent NH3 (aq.). Head-to-head comparison of purified ana-
lyte-DNA in the batch and flow process yielded comparable 
and high and precise DNA recoveries of over 80%.

The feasibility of affinity-based purification of DNA-
tagged substrates was successfully demonstrated using 
microfluidic annealing and washing/elution concepts 
with DNA-tagged substrates for the first time. Further 
studies will investigate how much the organic washing/
elution solvents could be reduced without affecting DNA 
recovery to reduce drying time and save resources. The 
microfluidic affinity-based purification process for DEL 
technology may be used for purifying DELs encoded 
with a double-stranded DNA by adding a single-stranded 
region to the DNA-barcode [5]. In addition, it remains to 
be shown that the flow affinity-based purification is uni-
versally applicable to the field of DEL chemistry, particu-
larly robust enough for DNA reaction products such as the 
amide coupling reaction conducted in our groups [4, 5, 
30]. Götte et al [5]. have already demonstrated the feasibil-
ity of batch affinity-based purification of amide coupling 
products with DNA-tagged substrates. The current focus 
is on the flow affinity-based purification of amide coupling 
products, combining automated microfluidic purification 
with an automated two-phase reaction system for DNA-
tagged substrates and integration it into an automated flow 
chemistry platform for DEL technologies [4, 31].
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DEL: DNA-encoded library; DMF: Dimethylformamide; DNA: Deoxy-
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ylenediaminetetraacetate; FEP: Fluoroethylene propylene; FI: Photo 
resistance flow sensor; HPLC: High performance liquid chromatogra-
phy; HTS: High-throughput screening; MCB: Microcontroller-board; 
MeCN: Acetonitrile; MeOH: Methanol; NH3 (aq.): Aqueous ammonia; 
RSD: Relative standard deviation; RT: Room temperature; SPE: Solid-
phase extraction; ss: Single-stranded; TI: Temperature sensor
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