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Living systems display complex structured nano- and micro-
scale topologies that orchestrate a host of physical and
biological functions.!"! But these features can be challenging
to replicate using conventional planar methods,”! and nano-
meter-scale structures cannot be readily constructed without
dedicated facilities.”) Herein we show how enzymatic activity
can be harnessed to fashion complex nano- and microscale
surface topographies on biodegradable substrates. Coordi-
nated patterning and machining are accomplished by manip-
ulating interactions between an enzyme, substrate, and
protein inhibitor. In this way, we are able to construct
nanochannels, microchannels containing embedded features
templated by the substrate’s crystalline morphology, and
a membraneless filter capable of isolating rare cells from
whole blood with a throughput that is orders of magnitude
greater than currently possible. In addition to enabling
molecularly imprinted surface landscapes mimicking those
in living systems to be fashioned by a straightforward process
accessible in virtually any laboratory, considerable potential
exists to exquisitely control the underlying biochemical
interactions by employing enzymes and substrates with
appropriately engineered properties.

Our bioinspired machining approach exploits the enzy-
matic activity of proteinase K (PK), a serine protease capable
of cleaving peptide bonds with particular affinity toward
alanine-alanine linkages."! Poly(lactic acid) (PLA) serves as
a convenient substrate because it is also susceptible to this
degradation mechanism owing to structural similarities
between lactic acid and alanine. Machining is initiated when
PK is transported from the bulk environment to the PLA
surface, after which enzyme-substrate complexation catalyzes
surface reactions yielding low-molecular-weight cleavage
products that subsequently become hydrolyzed and are
released into the bulk along with dissociated PK (Figure 1a).
Patterned machining is accomplished by directing an aqueous
PK solution through a microfluidic template (constructed
from poly(dimethyl siloxane), PDMS) using conventional soft
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Figure 1. Enzymatic nano- and micromachining. a) Biochemical degra-
dation cycle between proteinase K (PK) and the PLA substrate.

b) Cross-sectional view (left) illustrating how machining is performed
by directing an aqueous PK solution through a PDMS microchannel
template bonded to a PLA sheet. Scale bar in SEM image (right):

200 um. c) Feature depth d versus time ([PK]=6.92 um (0.2 mgmL™"),

5 uLmin™', 37°C). d) Depth versus enzyme concentration (5 uLmin™",

37°C, 16 h). e) Depth versus temperature ([PK]=6.92 pum, 5 uLmin~",
16 h). f) A nanochannel (170 nm deep) is constructed by injecting PK
into a PDMS template (left) for 3 h at 25°C. Machining is laterally

confined within a circa 4 pm-wide zone by hydrodynamic focusing of
PK between co-injected streams of bovine serum albumin (2 uLmin~
each stream; see also Figure 2). The z-axis of the AFM profile (right) is

expanded to show detail.

1

lithography so that the ensuing enzymatic degradation
imprints a replica of the flow path into a PLA substrate on
the microchannel floor (Figure 1b). Characteristic degrada-
tion rates of 2pumh™! are achievable in a 300 um-wide,
10.7 mm-long microchannel (Figure 1c). Feature depths
increase monotonically with enzyme concentration up to
about 4 uM, above which surface complexation sites become
saturated (Figure 1d).”! Machining also reflects temperature-
dependent enzymatic activity, which occurs about 7 times
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faster at 37°C than at room temperature (Figure 1e). These
rates enable nanometer-size features to be easily imprinted, as
illustrated by construction of a 170 nm-deep channel by
injection of a PK solution at 2 uLmin~' for 3h at room
temperature (Figure 1 f).

There is a critical need for methods that can enable rapid
and continuous harvesting of cells and cell-sized components
from blood, but current technologies often require timescales
of hours (and sometimes tens of hours) to process standard
5 mL samples.!’! Enzymatic micromachining has enabled us to
develop a new approach that overcomes these limitations
because it operates most efficiently at high flow rates. This
filtration architecture is fashioned by co-injecting a 1% w/v
aqueous solution containing bovine serum albumin (BSA) to
spatially regulate the etching process (Figure 2a). Complex-
ation between proteinase K and the BSA protein establishes
a competitive interaction that inactivates the laterally diffus-
ing enzyme before it can attack the PLA substrate so that the
boundary of the etched region can be sharply defined. The
size of the etched zone can be manipulated by adjusting the
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BSA concentration to vary the driving force for lateral
diffusion with respect to the adjoining PK. This mechanism
can be exploited to construct microchannels incorporating
weir-like barriers oriented parallel to the flow direction by
sequentially varying the composition in each stream (Fig-
ure 2b). First, BSA solution is injected into the center steam
while PK is introduced into both outer streams, thereby
etching the PLA substrate to a depth of 10 um on either side
of the central zone protected from enzymatic degradation by
the BSA. Next, BSA is infused into both the center stream
and one of the outer streams; thereafter etching is continued,
yielding different depths on each side of the microchannel.
Finally, PK is injected into all three inlets to define the height
of the centerline barrier (Figure 2c¢); this topology is pre-
served along the entire length of the microchannel (Support-
ing Information, Figure S1a). Feature sizes can be further
tuned by varying the relative flow rates of BSA and PK to
hydrodynamically focus the desired streams (Supporting
Information, Figure S1b). The machined structures can be
used as-is, or alternatively the rigid PLA substrate can serve
as a re-usable master mold for
replication in PDMS by soft
lithography (Supporting Infor-
mation, Figure S2). Thus, even
though micrometer-scale enzy-
matic machining may be rela-
tively slow, the resulting struc-
tures are amenable for mass
production.

This arrangement, coupled
with the secondary transverse
motion generated within the
curved flow path! creates
a driving force that transports
smaller-sized components across
the barrier from the inner lane
to the outer lane while larger-
sized species are retained in the
inner lane. Further enrichment
occurs owing to unequal depths
on each side of the weir (Fig-
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Figure 2. Machining is governed by a competitive interaction between enzyme, substrate, and inhibitor.
a) When PK (etchant, red) and BSA (inhibitor, green) are co-injected into a Y-shaped microchannel,

a localized interfacial zone of PK-BSA complexation establishes the boundary of the etched region.

b) Alternating flows of PK and BSA are introduced to fashion a microchannel, the depth d of which
varies along the cross-section. Surface profiles are obtained 0.5 cm from the inlet ([PK]=
) Top-view photograph of the assembled
filtration device (left) and SEM image of enzymatically machined microchannel cross-section (right; bar,

[BSA]=1% w/v (150.6 um), all flow rates=5 pLmin™"). ¢
50 um).
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ure 3a). To demonstrate practi-
cal application, we next used
this filtration device to harvest
PC3 human prostate cancer cells

(2030 um  diameter) from
whole blood (injected compo-
nent densities: PC3 1.43x
10%cellsmL™!, WBC 1.22x
10°cellsmL™', RBC 7.32x

108 cellsmL™"). The PC3-spiked
blood sample was injected into
the inner lane at 1 mLmin™"
(PBS was co-injected into the
outer lane at the same flow
rate). Cell counts indicate that
PC3 cells were harvested with
more than 99 % efficiency (Fig-
ure 3b) and 1.6-fold enrichment

6.92 um,
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throughput representing the time
to process 1 mL of undiluted
whole blood). Not only is our
approach orders of magnitude
faster than comparable methods,
it also delivers 99.2+02% (n=
3) retention of PC3 cells from
spiked whole blood and 99.7 +
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0.5% (n=3) when dispersed in
PBS buffer. No additional steps
are required to retrieve the sep-
arated cells, in contrast to con-
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ing throughput is currently a lim-
iting constraint (for example,
granulocyte isolation,
cancer-cell analysis®).

In the context of CTC anal-
ysis, we remark that immunose-
lection (the current gold stan-
dard) requires pre-programming
with antibodies to enable recog-
nition of specific epithelial anti-
gens expressed by CTCs, thus
limiting the ability to capture
different cell types and introduc-
ing the possibility of retaining
non-malignant cells. Optimal
capture efficiencies are achieved
by applying low flow rates and
increasing the binding surface
area (requiring more antibod-

RBC

PC3

wolof e it . . o
£ & outlet (inner lane): | ies), with additional wash steps
. % i enriched PC3 cells | ) and reagents necessary to

recover the captured cells.

Figure 3. An enzymatically machined membraneless architecture enables high-throughput cell harvest-

CTCs have also been efficiently

ing. a) lllustration and cross-sectional profile (inner and outer lanes: 20 and 35 pm deep, respectively,
centerline barrier gap: 3 um deep, radius of curvature: 500 pm). b) Separation of whole blood spiked
with PC3 cancer cells at T mLmin~', showing isolation and enrichment of PC3 cells from whole blood
(inner lane). c) Cell-count data show the relative fractions of WBCs, RBCs, and PC3 cells recovered at
the inner lane. d) Viability of PC3 cells is unchanged after filtration (trypan blue assay, viable cells

separated by dielectrophoresis,
but the cells must be dispersed
in isotonic buffers at high dilu-
tion, and low flow rates are

unstained; bar, 50 um).

upon recovery from the inner lane (45% of RBCs, 4% of
WBCs, and less than 1% of PC3 cells cross to the outer lane).
The enriched cells were maintained in the as-injected blood
environment with no discernible change in viability (before
filtration: 98.74+0.6%, n=23; after filtration: 98.94+0.1 %,
n=3; Figure 3c¢).

A key benefit of our approach is the capability for high-
throughput operation, and this can be seen upon comparison
with existing methods for isolation of rare-cell biomarkers
relevant to cancer (for example, circulating tumor cells
(CTCs); Table 1; results are expressed in terms of normalized
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required. Physical barrier filtra-

tion architectures also achieve

high separation efficiency, but
high dilution and low flow rates are needed to prevent
clogging. Methods exploiting other hydrodynamic effects also
generally require high dilution and often operate within
a narrow “sweet spot” of cell size and flow rate. Our approach
overcomes these throughput limitations because separation
occurs optimally at high flow rates, with considerable
potential for further improvement by employing multistaged
designs that sequentially feed the enriched effluent into
additional downstream filtration elements. Multiple weirs
with different widths, depths, and gaps can also be arrayed in
parallel to process multicomponent mixtures.
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Table 1: Comparison of microfluidic-based CTC enrichment methods.

Method Flow rate Dilution ~ Normalized throughput® CTC Ref. Comments

(reported) factor [mLmin~"] recovery
This work 1 mLmin™" 5 0.2 99 % - Optimal operation at high flow rates
Immunoselection (bead- 10 mLh™" > 10! unknown! 90% [10] - Antibody-based
based) 240 pLmin™' > 10 unknown! 85% [11] - Additional washing
Immunoselection 1mLh™' 1 0.017 65-80% [9] .
(micropost array) 1 mLh™ 1 0.017 95% nz - ﬁg\;bﬁﬁ?j acit

2mLh~" 1 0.03 92% [13] pactty

. ) 1.5mlmin™" 40000 3.75x107° 90% [14] . -

Dielectrophoresis 126 uLmin"' 400 315570~ 75% s Special buffer conditions
Physical barrier — )
. Pool-dam 0.1 mLmin™" 5000 2x10°% 9%  [16] ;E;'(;‘;":oaanvi/izrcll‘;w f::‘” rate operation
- Isolation wells 0.7 mLh™ 3 3.9x10° 80% n7 geing
Hydrodynamics — .
- Expansion/contraction 0.4 mLmin™' 20 0.02 80% [18] ;eD;gj(etcliosoaanvdo/incll‘:W f::W rate operation
- Microvortex trapping 4.5 mLmin~' 40 0.1 85%  [19] geing

[a] The time to process 1 mL of undiluted whole blood. [b] Normalized throughput was difficult to assess owing to the incubation, washing, and

resuspension steps inherent to bead-based capture methods.

The highly specific nature of enzyme-substrate interac-
tions can also be exploited to enable direct imprinting of
molecular-scale topologies. We explored this potential by
taking advantage of the machining rate selectivity to PLA
crystallinity (increasing the degree of crystallinity from 0 to
50% yields a ten-fold decrease in the material degradation
rate®) to embed morphological features associated with the
crystalline domains of the substrate within a fluidic channel
(Figure 4a). The crystalline morphology is in turn governed
by thermal history (annealing time and temperature, cooling
rate) and material properties (molecular weight, stereoiso-
mers and their blends), thus permitting broad control over the
imprinted topologies (Supporting Information, Figure S3).
Machining after the PLA is continuously cooled from the
melt exposes a dendritic surface topology (Figure 4b),
whereas an array of obstacles reflecting the size and density
of spherulitic crystalline domains emerges when PK is
injected following a low-temperature anneal (70°C for 8 h;
Figure 4c¢). By controlling annealing time and temperature,
the extent and distribution of crystallinity within the substrate
can be manipulated® to enable post-like arrays with tunable
size and density to be embedded within a micro- or nanoscale
fluidic channel in a lithography-free manner (for example, as
barrier or packing structures for filtration and chromatog-
raphy).

Enzymatic machining introduces an unexplored avenue to
fashion molecularly imprinted surface features by a simple
process that can be accessed in virtually any laboratory. More
broadly, the highly specific nature of the governing inter-
actions lays a foundation to exquisitely control the templated
nanoscale morphologies by manipulating properties of the
enzyme and substrate. For example, various classes of
biodegradable polymers are selectively machined by different
enzymes (for example, polycaprolactone (PCL) can be
degraded by lipase,™ and numerous strains of the bacterial
classes Firmicutes and Proteobacteria can degrade PCL,
polyhydroxybutyrate, and polybutylene succinate™!). These
interactions can be further tuned by engineering enzymes
displaying enhanced activities and specificities that can be

www.angewandte.org
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Figure 4. Machining molecularly templated surface topographies.

a) Morphologically governed selectivity is made possible by differences
in the rate of PK-mediated degradation between hydrolysis-resistant
crystalline domains and amorphous regions containing condensed
hydrophilic and catalytic terminal groups (OH and COOH). b) Machin-
ing after continuous slow cooling from 180°C exposes dendritic
features. c¢) Machining after annealing at 70°C for 8 h embeds an array
of post-like obstacles within the microchannel (a 3D topology is
evident in the SEM image, right). PK was injected at 37°C for 2 h.
Scale bars: 100 um.

toggled in response to environmental cues, as well as by
employing substrates containing assembled crystalline mor-
phologies.
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