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like structure. Another possible explanation can be thermal
convection within the channel, as hinted at by the asymmetric
gradient in Figure 3b. As a result, the polymerization section of
the capillary was consistently about 55 mm long, as opposed to
the designed 47.5 mm. In standard fabrication of polymer
monolithic columns, the ends of the capillary are typically
removed to overcome interface phenomena. However, this is
not possible within 3D-printed channels.
When using the DC device, which relies on four Peltier

elements directly attached to the printed piece, the hot and
cold temperatures were set to 70 and 19 °C, respectively. The
one DC curve shown in Figure 2 (purple diamonds and
connecting line) shows a somewhat diffuse transition from the
monolith region (HR, left-hand side) to the empty region
(HC, right-hand side), extending over more than 10 mm of
capillary length. Perhaps even more importantly, the monolith
does not seem to be homogeneous as can be seen from the
variations in the signal. Several HCJ curves are shown,
obtained with different CR temperatures. The constant signals
in the HR region indicate that homogeneous monoliths have
been obtained. Generally, sharper transitions are obtained at
lower CR temperatures. At TC = 33 °C, the transition is very
gradual (green line and inverted triangle), but at TC = 24 °C,
the transition is already sharper than when using the DC
device (with TC = 19 °C). At even lower temperatures, the
main ramp stretches over much less than 10 mm. The results
indicate better temperature control in the HCJ device than in
the DC device. During the polymerization, the temperature
controllers on both zones of the DC device showed
fluctuations in temperature of ±5 °C, which may explain
inhomogeneities in the resulting monoliths. In contrast, the
two jackets of the HCJ setup were connected to two water
baths. The large reservoirs of water and the corresponding high
thermal mass provided stable temperatures during the entire
polymerization process (24 h). Little fluctuation was detected
by the temperature controllers (<0.5 °C), resulting in more
homogeneous monoliths. Further experimental work was
continued only with the HCJ device.
Thermal Confinement in HCJ Device. In order to test

the effects of TC on the interface, the CR of the HCJ was set at
four different temperatures, i.e., TC = 4, 10, 24, and 33 °C. At
TC = 4 °C, freezing of n-decanol may be possible (melting
point 6.4 °C). To evaluate the repeatability of confined
monolithic stationary phases in capillaries, three batches for
each temperature were produced. These capillaries were then
assessed using microscopy and C4D measurements. Figure 3
shows some examples of the images that were obtained.
Figure 3 shows that confinement was achieved using TC = 4

and 10 °C, but not in the 24 and 33 °C (left-side frame). The
rate of AIBN initiation is related to the temperature. At the
higher TC values, the polymerization mixture partially
polymerized, even within the intended empty region. At TC
= 33 °C, a clear interface could not be observed. At TC= 24 °C,
an interface was discernible (see Figure 2), but the polymer
monolith was also being formed in the CR, and so the interface
length reached almost 18 mm (see Table 1). Better
confinement was obtained at TC = 4 °C and TC = 10 °C.
A quantitative summary of the C4D profiles obtained is

presented in Table 1. The stable monolith conductivity (Ch*)
was defined as the average of the first 11 cm of the HR and
normalized for each capillary. The interface length (Li) was
evaluated as the distance between the point where a 5% drop
in the stable monolith conductivity was observed to the point

where 95% of the value corresponding to the empty capillary
was reached. The depth of the dip ΔC0 in conductivity was
measured as the difference between Ch* and the normalized
conductivity at the 0 mm point on the horizontal axis. The
steepness, SL, of the profile at the interface is defined as the
maximum gradient in the sigmoidal profile (see Figure 2).
The smallest values for Li are obtained at the lowest values

for TC. The difference in interface length between experiments
performed at TC = 4 °C and those at TC = 10 °C is less than 2
mm. The monolith conductivity (Ch) does not vary much with
TC (except for TC = 33 °C, where no interface is observed).
The intrabatch and interbatch standard deviations are low for
each value of TC. As the device contains four different channels
suitable for polymerization, the potential variation in monolith
formation due to thermal inconsistencies (brought about by
channel location, e.g., edge or center) was also evaluated
(Table 1). The polymerization is found to be only slightly
affected by the channel in which it is performed, as the
intrabatch variations indicate. The standard deviations at TC =
10 °C are much lower than those obtained at TC = 4 °C.
Therefore, we selected TH = 70 °C and TC = 10 °C as
temperatures to evaluate the chromatographic performances of
the monolithic stationary phases created in the HCJ.
To apply the HCJ confinement method to a complex

microfluidic chip such as the device for three-dimensional
separations described by Wouters et al.,24 the following
considerations have to be made. To allow the interface
between empty and polymerized zones, the location of the
heating jacket must be offset by 15 mm from the desired
location of the monolith. As shown by the C4D profiles and
confirmed by the SEM micrographs, the interface presents a
higher polymer density, which is likely to show a lower
permeability than the main separation body. The 4% variability
in the length of the interface within batches and the 17%
between batches provides an indication of what may be
expected in applying the HCJ approach to polymerization in
multiple channels of a microfluidic chip.
The thermal confinement of polymerization does not rely on

the precision of laser-assisted photopolymerization described
by Thurumann et al.,10 nor on a photomask as described by Yu
et al.25 Confinement of UV-initiated polymerization is
technically easier than confinement of thermal polymerization,
but it requires substrates that are transparent at the wavelength
used for initiation. Our method represents a complementary

Table 1. Batch-to-Batch (3 Batches, 8 Capillaries in Total)
and Intrabatch (n = 3) Variation of Interface Length (Li),
Conductivity (Ch*), Dip (ΔC0), and Steepness (SL) of
Monolithic Stationary Phases Prepared in Capillaries
Inserted in the HCJ Device at Different CR Temperatures
(TC)

TC (°C) Li (mm) Ch* ΔC0 SL (1/mm)

Interbatch
4 15.6 ± 2.45 0.42 ± 0.04 0.20 ± 0.07 0.24 ± 0.05
10 13.8 ± 2.37 0.43 ± 0.02 0.27 ± 0.04 0.25 ± 0.05
24 17.9 ± 3.06 0.45 ± 0.03 0.24 ± 0.07 0.25 ± 0.07
33 x 0.55 ± 0.09 0.22 ± 0.10 0.13 ± 0.09

Intrabatch
4 13.7 ± 0.47 0.39 ± 0.04 0.18 ± 0.02 0.21 ± 0.02
10 12.7 ± 0.47 0.43 ± 0.00 0.27 ± 0.03 0.24 ± 0.05
24 18 ± 1.63 0.46 ± 0.02 0.23 ± 0.07 0.21 ± 0.02
33 x 0.55 ± 0.09 0.21 ± 0.10 0.08 ± 0.02
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solution that can be applied to a wide variety of materials and
designs with good repeatability.
Monolith Characterization. As mentioned above, a PS-

DVB monolith was bound to the wall of the titanium HCJ
device. Such stationary phases were created in three channels,
with TH = 70 °C and TC = 10 °C. Plots of the column
backpressure as a function of MeOH at 20 and 40 μL/min
were used to assess the permeability of monoliths created using
both inserted capillaries, and those fabricated directly in the
HCJ device. In the HCJ monolith, other chromatographic
tests, such as those measuring the porosity and separating
intact proteins, were also performed.

In Figure 4, the ranges of observed permeability values (Kf;
see eq 1) are indicated for each value of TC. The Kf values
obtained with TC = 4 °C exhibit greater variability than those
obtained with TC = 10 °C (see Figure 4). Despite an outlier,
the columns prepared with a TC = 10 °C showed a more
uniform permeability throughout the sample set. Using this
information, monoliths were created directly in the HCJ
device, with TH = 70 °C and TC = 10 °C. The permeability of
the PS-DVB monoliths created directly in the HCJ (Kf = (4.04
± 1.96) × 10−15 m2, n = 3) was approximately half that of the
capillary housed monolithic columns (Kf = (8.08 ± 0.65) ×
10−15 m2, n = 3), prepared with the same temperature settings.
These values are in the same range as those reported by Vonk
et al.26 When several monoliths are created simultaneously in
different channels within a single device, similar variations in
the permeability may be observed as those shown in Figure 4
for TC = 10 °C.
Potassium iodide (KI) was injected as an unretained marker

in an empty-channel (EC) control, with the monolith
synthesized directly within the HCJ device, polymerizing half
of the channel (HC) or the full channel (FC). The t0 values for
EC, HC, and FC were 2.65, 2.35, and 2.08 min, respectively
(see Figure S2). The former value was used to calculate the
true diameter of the HCJ device. The t0 peak indicates an ID of
0.91 mm, while the design value was 1 mm. The discrepancy is
probably caused by inaccuracies in the SLM process. Using the
true ID, we can infer that 53% of the channel was occupied by

the PS-DVB stationary phase (cf., eq 2), whereas in capillaries
this was 57%. A value closer to the targeted 50% suggests that
direct synthesis on the HCJ walls results in better thermal
confinement, possibly due to more efficient heat transfer from
the jackets to the monomer mixture.
The t0 values were used to calculate the total porosity, εT, for

the HC and the FC, resulting in values of 60% and 67%,
respectively. The difference is possibly due to the variation in
polymer density at the interface. The injection of KI as an
unretained marker can be used to confirm the repeatability of
retention times and of the overall length of the monoliths in
the three channels of the HCJ.
Figure 5 shows a chromatogram obtained using the HCJ

device for the separation of intact proteins. The chromato-
graphic performance was evaluated by gradient-elution
separation of a mixture of four proteins (i.e., lysozyme,
cytochrome c, carbonic anhydrase, and bovine casein) in three
HC. The separations were carried out at room temperature.
The reasonable peak shapes and the absence of breakthrough
peaks in Figure 5 (and Figure S2) confirm the presence of a
homogeneous monolith that is well attached to the walls of the
channel.

The peak widths observed in Figure 5 are high in
comparison with those observed with other PS-DVB monoliths
in titanium devices,26,27 leading to a relatively low peak
capacity (nc = 12 using a 9 min gradient). Nevertheless, the
repeatability of the chromatographic separations in the
channels was confirmed by the low relative standard deviation
of the protein retention times (see Table S2). In a device
containing several parallel channels with monolithic stationary

Figure 4. Interbatch permeability of the monolithic stationary phases
created in capillaries for different values of the cold-region
temperature (TC). Eight columns were created and characterized
for each TC. Black dots are outliers.

Figure 5. Separation of intact proteins on a titanium housed
monolithic column within 12 min, with (1) cytochrome c, (2)
lysozyme, (3) bovine casein, and (4) carbonic anhydrase. Gradient
from 10% to 22% (v/v) acetonitrile in water (both solvents
containing 0.1% v/v TFA) in 1 min and then on to 40% in 9 min;
flow rate 35 μL/min. Separation performed at room temperature,
using 1 μL loop injection and UV detection at 214 nm.
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phases, retention times can be expected to vary by 5−7%.
While such variability is not ideal, it nevertheless demonstrates
the potential of these types of devices for use in spatial
multidimensional liquid chromatography,28 even with current
separation performance.
The path to better thermal confinement and separations lies

in pursuing higher-resolution printing methods, allowing for
smaller ID channels and sharper thermal gradients. Recent
metal printing methods are capable of resolutions of 15 μm,
despite limitations in part sizes.29 With suitable photopolymer
substrates, stereolithographic methods can produce parts with
20 μm channels.30,31 For monolith confinement, lower IDs can
be used to better define the interface, with the main channel
ID being optimized for the final chromatographic separation.

■ CONCLUSIONS
Poly(styrene-co-divinylbenzene) (PS-DVB) monoliths were
successfully created by thermal polymerization in targeted
regions of 3D-printed titanium devices and in inserted fused-
silica capillaries. To the best of our knowledge, this is the first
time that thermal polymerization was used to confine
monoliths in specific regions of microfluidic devices. In
comparison with UV polymerization, the thermal approach
complements our choice of devices, including those with large
internal diameters. The proposed approach opens the road to
the utilization of a wide variety of opaque (at the desired
wavelength) materials in the fabrication and application of
microfluidic devices.
The thermal polymerization method can be integrated in

different 3D-printed structures and in complex geometries with
relative ease. With the advent of new 3D-printable materials,
such as poly(ether ether ketone) (PEEK), glass, and ceramic
materials, our approach represents a powerful tool to combine
solvent-compatible and mechanically strong materials with
diverse and customizable chemical selectivities within a single
microfluidic device. However, due to different heat capacities,
each material will require optimization of the polymerization
conditions.
Furthermore, by using this approach of recirculating jackets

for fabrication and, possibly, for device operation, sample
preparation and chromatographic separation may eventually be
performed within the same device. Since chromatographic
separations are greatly influenced by temperature, the use of
the jackets as column ovens can further enhance separations
within the device. Further studies have to be performed to
explore the full potential of the new approach.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.9b04298.

Figure of the 3D-printed titanium direct contact (DC)
device (Figure S1a) and heating cooling/jacket (HCJ)
device (Figure S1b). Inter-batch and intra-batch
variation of the monolithic capillary columns thermal
polymerized using the DC approach (Table S1).
Chromatograms obtained from t0 injections (Figure
S2). Intra-batch variation of the retention times in
different channels of the HCJ (Table S2). Infrared
picture of the HCJ (Figure S3). Temperature profiles in
a single channel prototype HCJ device (Figure S4a−b).
3D-printed in titanium single channel prototype HCJ

device (Figure S4c). CAD of the DC and HCJ device
(Figure S5a−b). (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Marta Passamonti − University of Amsterdam,
Amsterdam, The Netherlands, and Centre for Analytical
Sciences Amsterdam, Amsterdam, The Netherlands;
orcid.org/0000-0002-6691-4054;

Email: m.passamonti@uva.nl

Other Authors
Ischa L. Bremer − University of Amsterdam, Amsterdam,
The Netherlands

Suhas H. Nawada − University of Amsterdam,
Amsterdam, The Netherlands, and Centre for Analytical
Sciences Amsterdam, Amsterdam, The Netherlands

Sineád A. Currivan − University of Amsterdam,
Amsterdam, The Netherlands, and Technological
University Dublin, FOCAS Institute, Dublin, Ireland

Andrea F. G. Gargano − University of Amsterdam,
Amsterdam, The Netherlands, and Centre for Analytical
Sciences Amsterdam, Amsterdam, The Netherlands;
orcid.org/0000-0003-3361-7341

Peter J. Schoenmakers − University of Amsterdam,
Amsterdam, The Netherlands, and Centre for Analytical
Sciences Amsterdam, Amsterdam, The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.9b04298

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The STAMP project is funded under Horizon 2020-Excellent
Science-European Research Council (ERC), Project 694151.
The sole responsibility of this publication lies with the authors.
The European Union is not responsible for any use that may
be made of the information contained therein.

■ REFERENCES
(1) Lam̈merhofer, M.; Svec, F.; Frećhet, J. M.; Lindner, W. J.
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