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Abstract

We report a prototype protein separator that successfully miniaturizes existing technology for
potential use in biocompatible health monitoring implants. The prototype is a liquid
chromatography (LC) column (LC mini-column) fabricated on an inexpensive, flexible,
biocompatible polydimethylsiloxane (PDMS) enclosure. The LC mini-column separates a
mixture of proteins using size exclusion chromatography (SEC) with polydivinylbenzene
beads (5-20 um in diameter with 10 nm pore size). The LC mini-column is smaller than any
commercially available LC column by a factor of ~11 000 and successfully separates
denatured and native protein mixtures at ~71 psi of the applied fluidic pressure. Separated
proteins are analyzed using NuPAGE-gel electrophoresis, high-performance liquid
chromatography (HPLC) and an automated electrophoresis system. Quantitative HPLC results
demonstrate successful separation based on intensity change: within 12 min, the intensity
between large and small protein peaks changed by a factor of ~20. In further evaluation using
the automated electrophoresis system, the plate height of the LC mini-column is between

36 um and 100 um. The prototype LC mini-column shows the potential for real-time health
monitoring in applications that require inexpensive, flexible implant technology that can

function effectively under non-laboratory conditions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The ability to diagnose and monitor chronic health conditions
like heart disease, diabetes, high blood pressure, cholesterol
and cancer [1, 2] is a key concern in medicine. Patients with
these conditions are initially diagnosed with bloodwork and,
once diagnosed, require regular blood monitoring [3-5] of the
many health index markers found in blood. For reliability,
convenience, and efficiency, implantable monitoring devices
would be an obvious solution. Existing implant technology,
however, has several drawbacks, including its large size,
material stiffness and high cost [6-10]. For example,
current glucose sensors for diabetics demonstrate the need
for improved tools and unobtrusive monitoring that could be
achieved with implants: residual sugar on a diabetic’s hand,
for instance, can confound test results, and providing enough

0960-1317/08/125010+09$30.00

blood to cover a test pad and/or having to take several painful
measurements each day can be problematic [11-13].

Despite extensive research on detectors and fluid control
devices [14—17], the separation/pre-concentration stage for
analyzing mixed samples has generally been overlooked
because researchers often use pre-treated samples for their
laboratory-based detectors [18-20]. Viable implant devices,
however, must be able to detect and separate untreated protein
samples with high selectivity and sensitivity. Some detectors
have achieved high sensitivity [21, 22]; the prototype LC mini-
column presented here is a critical first step toward practical
implant application, because its high selectivity, coupled
with an on-chip detector with high sensitivity, represents
a new horizon for medical implant application. In this
paper, we focus on a prototype for an implantable protein
separator that uses micromachining technologies on flexible,
biocompatible material, PDMS (polydimethylsiloxane). This
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prototype protein separator achieves miniaturize size exclusion
chromatography (SEC) in liquid chromatography (LC). The
uniqueness of this LC mini-column protein separator is that it
uses a biocompatible, isocratic mobile phase with significantly
lower flow rate than any of its macro sized columns, including
normal phase, reverse phase and ion exchange chromatography
[23]. Drastic LC column size reduction also shows the
potential for portable LC systems [24].

Several miniaturized LC and high-performance liquid
chromatography (HPLC) columns have been developed, but
until this prototype LC mini-column is developed, none
had been successfully miniaturized on a flexible substrate
[25-28]. Manz et al proposed the first microfabricated LC
chip in 1990. It was an open-tubular column on a silicon
wafer; complete testing results were not presented, but great
potentials for miniaturization were discussed [25]. Oleschuk
et al designed a cavity formed by two weirs in the sample
channel to trap the stationary phase [26]. In this study,
octadecylsilane (ODS)-coated silica beads were introduced
by an electro-osmotic pump and filled in the cavity. BODIPY
and fluorescein were also loaded by the electro-osmotic pump
and successfully separated. Reichmuth er al demonstrated a
microchip reverse phase HPLC column that separated peptides
and proteins on a fused silica substrate [27]. A porous polymer
monolith (C-18 side-chain) was defined by contact lithography
instead of actual beads; a mixture of peptides and proteins
were successfully separated and delivered by an external
syringe pump. Shih et al presented a micro-HPLC chip using
parylene and silicon substrate as a structural material and
C-18 coated beads as the stationary phase [28]. The micro-
HPLC chip was integrated with an electrochemical sensor,
resistive heater and thermal-isolation structure for on-chip
temperature gradient interaction chromatography application;
amixture of derivatized amino acid was successfully separated
and detected by an electrochemical sensor. None of them,
however, is made of all-flexible, biocompatible materials
suitable for unobtrusive human implants; their structural
materials (silicon and glass) are stiff and brittle, and likely
to cause severe damages on surrounding tissues [8, 29, 30].
The following sections explain the separation mechanism and
LC mini-column design, detailing the selectivity, retention
factor, column efficiency and specifications. Microfabrication
on a flexible substrate, column bead-packing techniques and
experimental setups are also described. Polydivinylbenzene
beads with 10 nm pore size show separation of two different
mixtures of proteins: SeeBluePlus2 (denatured pre-stained
proteins) and gel filtration standard (native proteins). Results
are presented with implications for future research.

2. Separation mechanism: size exclusion
chromatography (SEC) and the LC mini-column
design

SEC is often referred to as gel-permeation chromatography
(GPC) or gel-filtration chromatography (GFC); it differs
from other chromatographies, however, because the stationary

phase surface does not react with mixed samples. SEC
separates mixed samples by size based upon analytes
penetrating nanopores on the stationary phase. It uses an
isocratic biocompatible mobile phase that does not require
high-performance pumps, and requires significantly lower
flow rate than other techniques (normal phase, reverse phase
and ion exchange chromatography [31]). These features
make SEC the only technique that would enable practical,
biocompatible miniaturization with full functionality. SEC
enables the prototype LC mini-column to separate mixed
protein samples in non-laboratory conditions. The SEC
stationary phase is polydivinlybenzene, 5-20 um in diameter
and has 10 nm surface pores. When mixed samples flow
into the bead-packed mini-column, smaller samples tend
to diffuse into the pores while larger ones tend to diffuse
through interstitial spaces between the beads; separation
occurs because larger samples elute first (after a short travel
distance) and smaller samples elute later (after a longer travel
distance).

2.1. LC mini-column selectivity, retention factor and
efficiency

The selectivity and separation range of the SEC column are
determined primarily by the beads’ pore size [32]. The pore
size should be large enough for a target analyte to penetrate.
Thus, we can select the separation range or selectivity with
different pore size. The retention factor (k.) in the LC is
a parameter to normalize retention, defined as the ratio of
retention time of an analyte to an unretained peak [31-33].
In the SEC, k. can also be expressed by the relative elution
volume ratio of the excluded and retained peaks, as shown in
equation (1):
IR —1, VR - Ve
ke = T )]

where tz and ¢, are the retention time of an analyte and an
unretained peak, and Vg and V, are the volume of the retained
and unretained peaks, respectively. The retention factor and
time are calculated by equation (1) with the elution volume.

The efficiency of a column is measured by height
equivalent to the theoretical plate (HETP) or plate height, H
[34]. The plate height, H, is a ratio of the column length,
L, and the plate count, N, as H = L/N. The plate count
determines the separation quality based on a single peak in the
chromatogram [35]. The plate count can be calculated where
tr is the retention time, w), is the width of a single peak, and f
is a parameter depending upon the measuring method for the
peak width. Half-height is the most common method, and f
is 5.545

fxt3
N = w2R' )
P

2.2. LC mini-column specifications

Figure 1(a) shows a conceptual top view of the fabricated
prototype LC mini-column. The actual widths, lengths and
heights in the LC mini-column prototype are, respectively,
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Figure 1. LC mini-column design concept, (@) LC mini-column and () trapped beads in the column.
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Figure 2. Fabrication process flow, (a) PDMS Si master for top layer and (b) aluminum mold for customized housing.

Smm x 5 mm x 20 um for the column and 500 um x
5 mm x 10 pum for the channel.

Beads in the stationary phase are retained in the LC mini-
column by the height difference between the mini-column
and microfluidic channel, in combination with immobilizers
(similar to a frit in a ‘macro’ LC column). The microfluidic
channel is 8—10 um high (figure 1()), smaller than the mean
diameter of the beads (10 um). Immobilizers located at the
mini-column inlet and outlet are 300 x 600 x 20 um? in
width, length and height, respectively. The gap between two
immobilizers is 30 um. This gap evenly disperses the applied
fluidic pressure and allows beads to be distributed and retained
in the LC mini-column.

3. Microfabrication of the LC mini-column

A multi-level soft lithography technique is used to fabricate
the prototype LC mini-column using a all-flexible material
[36-38]. Polydimethylsiloxane (PDMS) is used for both the
substrate and structure material because of its biocompatibility,
cost effectiveness and ease of handling [39, 40]. Though
previous research efforts have paved the way for this prototype,
the LC mini-column is the first miniaturization of its kind.

3.1. All-flexible LC mini-column and enclosure

A multi-level soft lithography technique is used to fabricate the
all-flexible column [36-38]. Figure 2(a) illustrates the process
flow of the PDMS silicon master (top layer) fabrication [41].
To begin, a photoresist is spin-coated on a silicon wafer and
patterned for columns and channels. The silicon wafer is
then etched 7 um by deep reactive ion etching to transfer the
pattern. Another photoresist layer is then coated, patterned
and hardbacked. The 10 wm height difference is etched and
the photoresist then removed by a stripper. Finally, PDMS is
poured and cured for 10 min at 100 °C on a hotplate, then
peeled off from the silicon master.

The PDMS substrate shown in figure 2(b) is made of an
aluminum master. The aluminum master interfaces between
the macro and micro-world and accommodates high pressure
flow [42]. The mold consists of two pairs of rods (1/32 inch in
diameter) and five aluminum plates; all use screws so that they
can be easily disassembled to detach the PDMS substrate. To
alleviate high fluidic impedance at the inlet/outlet ports, each
pair of rods meets inside the mold to connect the microfluidic
channel at an 135° angle.
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Figure 3. Bead packing methods, (a) slurry packing with syringe and (b) manual bead packing.
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Figure 4. The LC mini-column, (a) packed with stationary phase, (b) SEM picture of bead packing and (c) size comparison between the
commercially available SEC column (SRT SEC-300, 4.6 x 300 mm?) and the fabricated prototype LC mini-column.

3.2. Bead-packing techniques in the LC mini-column

Two techniques can be used to fill the column with beads:
(1) syringe-based slurry packing and/or (2) manual bead
packing in the column. Overall, manual bead packing is
the preferred method because of its high yield and ease of
handling. Slurry packing starts with bonding the two PDMS
layers using an oxygen plasma for 1 min at 390 mTorr with
100 W [43]. The bonded stack is cured at 80°C in the oven
for 20 min, followed by another oxygen plasma treatment
to convert hydrophilic fluidic channels. A 31-gauge syringe
inserts the stationary phase mixed with delivering media,
organic solvent (figure 3(a)). Bead immobilizers inside the
column retain the stationary phase, and the hole on the PDMS
top layer shrinks after pulling out the syringe.

Manual bead packing requires beads to be inserted into
the LC mini-column before bonding (figure 3(b)). Since
the column is rather large, fine-tip tweezers can be used to
place the beads. Once the beads have been inserted, the two
PDMS pieces are aligned and bonded. Figure 4(a) shows the
fabricated LC mini-column packed with the SEC stationary
phase and (b) shows an SEM picture for LC mini-column
height difference and packed beads.

To underscore the degree of miniaturization allowed by
the soft lithography technique, figure 4(c) demonstrates the
size difference between a commercially available ‘macro’

SEC column (SRT SEC-300, SEPAX Technologies) and the
fabricated LC mini-column. The mini-column’s width, length
and height are only 5 x 5 x 0.02 mm?, respectively, a
reduction factor of ~11000 from the macro-scale column’s
inner diameter and length: 4.6 x 300 mm?.

4. Experimental setups: testing the LC mini-column

The LC mini-column is tested for its ability to separate mixed
proteins. Qualitative results are observed and collected at
timed intervals. Additional detection equipment provides
quantitative results through HPLC testing with off-chip
detector systems.

4.1. LC mini-column test materials: stationary phase,
solutions and analytes

The stationary phase for the LC mini-column uses Jordi
FLP polydivinylbenzene beads (5-20 pum in diameter) with
surface nano-pores of 10 nm. HPLC-grade acetonitrile and
water (Fisher Scientific) are used as received. SDS-PAGE
running buffer (Invitrogen, Inc.) is diluted with DI water
before loading to SDS-PAGE electrophoresis (Invitrogen,
Inc.) and used as a mobile phase in denatured protein
separation. NuPAGE Mini-gel (Invitrogen, Inc.) is washed
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Table 1. GFS proteins.

Gel filtration Molecular

standard weight (kDa) ng (uL)™' Mol
Thyroglobulin (bovine) 670 10000 14.93
y-globulin (bovine) 158 10000 63.3
Ovalbumin (chicken) 44 10000 227.3
Myoglobin (horse) 17 5000 294.12
Vitamin B12 1.35 1000 740.74

out before loading to the electrophoresis. Phosphate buffered
solution (PBS) with pH 7.3, (Fisher Scientific) is used as the
mobile phase for separating a native protein mixture. Two
different mixed samples are used for the protein mixtures:
SeeBluePlus2 (Invitrogen, Inc.) and gel filtration standard
(BioRAD). SeeBluePlus2 has 10 denatured and pre-stained
proteins ranging in size from 3 kDa to 188 kDa [44]. Different
color spectrums on the electrophoresis allow us to have quick
qualitative results. Due to denaturation, SeeBluePlus2 is
insensitive to the pH of a mobile phase, which allows robust
and reproducible separation. BioRAD’s gel filtration standard
(GFS) is a mixture of five standard native proteins [45].
Table 1 lists these native proteins and the concentration of each
in the vial. This study focuses on the three highlighted proteins
in table 1 (myoglobin (17 kDa), ovalbumin (44 kDa) and y-
globulin (158 kDa)) because they are within the detection
range (10-260 kDa) for the instrument used to confirm protein
separation in the LC mini-column.

4.2. LC mini-column testing methods: instrumentation setup

A syringe pump 33 (Harvard apparatus) delivers the mobile
phase and protein mixtures (SeeBluePlus2 and GFS proteins)
into the LC mini-column with 3 xl min~' flow rate. Two
syringes contain mixed proteins and mobile phase and are
switched manually. Separated analytes are collected at the
outlet of the LC mini-column and loaded to three different
off-chip detectors: SDS-PAGE electrophoresis (Invitrogen,
Inc), HPLC (Agilent 1100 series) and Experion (BioRAD).
SDS-PAGE electrophoresis shows qualitative results with
SeeBluePlus2 as mixed proteins. Separated SeeBluePlus2
samples are collected from the outlet and loaded on the SDS-
PAGE electrophoresis (Invitrogen, Inc.) with an SDS-PAGE
running buffer to meet the minimum loading amount, 10 ul.
Two control groups are initially loaded at the left and right
wells. For further verification of qualitative results, the eluted
SeeBluePlus2 proteins are analyzed using a commercially
available HPLC (Agilent 1100 series). SDS-PAGE running
buffer is added to the separated SeeBluePlus2 sample to meet
the minimum HPLC sample, 5 ¢l [46]. A mixture of HPLC-
grade water and acetonitrile (1:1 ratio) is used as a mobile
phase with 2 ml min~! flow rate. Experion (BioRAD) is
used to evaluate the LC mini-column’s separation capability.
Experion is a miniaturized automated electrophoresis system
that analyzes eluted GFS proteins with a detectable range from
10 kDa to 260 kDa. This is why the resulting protein analysis
is focused on the three proteins in the table 1 (myoglobin
(17 kDa), ovalbumin (44 kDa) and y-globulin (158 kDa)).

Control

Myosin
/ Phosphorylase
Control

a1

t=5min < t=0min

Largest proteins come out

Figure 5. SDS-PAGE electrophoresis result.

5. Results and discussion: characterization of the
LC mini-column

5.1. Validation of separation through qualitative testing
(SDS-PAGE electrophoresis)

Manual electrophoresis provides quick and visible qualitative
data. Two reference groups of SeeBluePlus2 are loaded into
an electrophoresis gel at the very left and right wells, diluted
by SDS-PAGE running buffer (Invitrogen, Inc.) by 1:10
ratio. SeeBluePlus2 is separated by the LC mini-column
and collected at the outlet at timed intervals, every single
minute. Figure 5 shows the manual electrophoresis result
of samples loaded from right to left. Color spectrums are
severely subdued. Results from 0—5 min are highlighted by the
rectangular box. This time interval shows only large protein
bands (myosin and phosphorylase). Samples after 5 min show
no large proteins at all.

5.2. Validation of protein separation through quantitative
testing (HPLC)

Preliminary visual results confirm that protein separation
occurs, but precise mini-column characterization requires
additional analysis using an off-chip detector: HPLC (Agilent
series 1100).

Figure 6 shows data from the HPLC analysis of the
collected test samples (time versus normalized intensity):
(a) is the control group, diluted SeeBluePlus2 with the mobile
phase, (b) and (c) are the eluted samples from 0-3 min and
from 10-12 min, respectively. The control group (figure 6(a))
shows many sharp peaks for the first 10 min corresponding to
large proteins such as myosin, phosphorylase and BSA. The
peaks at 27 min show small proteins such as aprotinin and
myoglobin. All numerical data (including intensity and area
ratios) are summarized in table 2. There are clear differences
between the control and test variable results, but these are a
direct result of diluted mixed samples. Peaks in the test sample
for large proteins, for instance, are not as clear as peaks in
the control group (5 wl, 0.5 pul of SeeBluePlus2 and 4.5 ul
of mobile phase). This is unavoidable; the minimum loading
sample volume for the HPLC is 5 ] and the raw eluted protein
sample (1 ul) is five times more diluted with the mobile phase,
SDS-PAGE running buffer (figure 6(b)). For this reason, large
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Figure 6. HPLC (Agilent 1100 series) analysis data, (a) control group (diluted with a mobile phase), (b) collected sample at 7, (0-3 min)
and (c) collected sample at #5 (10-12 min). Mobile phase: 50% of HPLC grade water and 50% of acetonitrile with 2 ml min~! flow rate.

Table 2. Numerical data of HPLC (Agilent 1100 series) analysis with the eluted SeeBluePlus2, (a) control group, (b) SeeBluePlus2
collected sample at 7y (0—3 min) and (c) collected sample at 5 (10—12 min).

(a) 1:9 diluted SeeBluePlus2 sample

(b) ty (0-3 min)

(¢) t5 (10~12 min)

Intensity ratio (large/  Area Intensity ratio (large/  Area Intensity ratio (large/  Area
Peak  small proteins) (%) ratio Peak  small proteins) (%) ratio Peak small proteins) (%) ratio
1 2.83 2.37 1 6.85 4.74 1 0.02 0.02
2 3.33 3.88 2 0.22 0.14 2 0.84 1.42
3 1.02 1.03 3 1.72 2.70 3 0.65 2.07
4 5.82 8.52 4 1.31 0.67 4 1.15 1.88
5 0.15 0.403 5 0.41 0.20 5 0.37 0.29
6 0.19 0.902 9 0.21 0.10 15 1.00 1.00
18 1.00 1.00 10 0.52 0.43
11 1.00 1.00
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Figure 7. Fluorescence detection, (@) intensity in HPLC of 7, and #s samples and (b) automated electrophoresis analysis data of fluorescence
intensity (1.3 ul of GFS and PBS for mobile phase with 3 ul min~' flow rate).

protein intensity is reduced by a factor of more than 4, and
the intensity ratio of large and small protein peak is reduced
by a factor of more than 20 (for instance, peak no 5 in table 2
(b) and peak no 1 in (c)). HPLC quantitative data provide
conclusive evidence that large proteins elute from 0-3 min in
the prototype LC mini-column. HPLC further confirms that
the #5 sample consists of many small proteins.

Figure 7(a) shows the intensities (mAU) of the two
chromatography analysis for peak numbers. The 10—12 min
sample shows fewer peak numbers than the 0-3 min sample
because most of the large proteins are already eluted; peaks
on the graph represent only smaller proteins.

We believe that several peaks in each collected sample
come from a manual handling: the collected sample amount
and time are so large and long that it may overlap several
elution orders. The addition of an on-chip detector could
enable a more precise evaluation of the LC mini-column.

5.3. LC Mini-column separation efficiency: results of
electrophoresis and plate height

An automated electrophoresis system (Experion) determines
the LC mini-column’s separation efficiency, identifying three
GFS proteins. Figure 7(b) shows eluted sample results
based on the fluorescence intensity. The first collected
sample (6 min) shows the highest fluorescence intensity of
the largest protein (y-globulin, 158 kDa) compared to the
other two proteins. The second largest protein (ovalbumin,
44 kDa) shows the highest fluorescence intensity in the second
collected sample (8 min). As expected, the smallest protein
(myoglobin, 17 kDa) elutes with the highest fluorescence
intensity at the third collected sample (10 min).

Plate height, H, is used to evaluate separation efficiency.
We use 5 pul and 1.3 ul of GFS proteins to characterize
the commercially available HPLC and the LC mini-column,
respectively. Due to manual and discrete handling of separated
proteins in the LC mini-column, we assume that the peak
width, w, in equation (2), is 2 min when we calculate the
plate count, N. The plate count of HPLC is 600, while the

LC mini-column is 138. Although the dimension of the LC
mini-column is not yet to be optimized and it is in the early
stage of implant health monitoring, we strongly believe that the
LC mini-column shows great separation capability with plate
height ranging from 36 pm to 100 wm. At this early stage, we
cannot compare the LC mini-column to HPLC or LC macro
column only with plate height because column comparison
consists of several factors such as reproducibility, resolution
and injection volume [35, 47, 48].

6. Conclusion

The functionality and flexibility of the LC mini-column make
it a promising first step in developing more cost-effective,
flexible, biocompatible component for potential use in human
implant health monitoring. The fabricated mini-column uses
SEC to separate a mixture of proteins and is characterized
by both denatured and native proteins; it uses macro HPLC
and the automated electrophoresis system as an off-chip
detector. The HPLC analysis clearly shows that 10 denatured
proteins are separated. Further evaluation using the automated
electrophoresis system shows that the plate height of the
mini-column is between 36 um and 100 um. It is hard
to precisely characterize the mini-column unless an on-chip
detector is available. An on-chip detector may overcome the
limitations and is currently under development in our group.
For separation capability, the design of the mini-column is not
optimized, yet. However many applications including on-site
health care monitoring may demand a separation unit in an
extremely small form factor.

The all-flexible-polymer column shows great potential
for practical applications: it could integrate an array of
existing micro-detectors on a chip for parallel detection,
reducing stringent selectivity requirements and analysis time
with high throughput of the micro-detectors. The separator
also shows possibility for a cost-effective microTAS (total
analysis system) with great portability. In its current state, the
mini-column requires an off-chip detector for characterization.
Developing this separator in tandem with an on-chip detector to
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fully characterize results is a rich area for continued research,
and would increase the separator’s potential for practical use
in medical applications like implantable health monitoring
systems.
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