° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
Anal Chern. 2010 September 15; 82(18): 7828—7834. doi:10.1021/ac101633e.

Trypsin coatings on electrospun and alcohol-dispersed polymer
nanofibers for trypsin digestion column

Seung-Hyun Jun®, Mun Seock Chang?, Byoung Chan Kim3, Hyo Jin Anl, Daniel Lopez-
Ferrer4, Rui Zhao#4, Richard D. Smith4, Sang-Won Lee?”, and Jungbae Kim®~

1Department of Chemical and Biological Engineering, Korea University, 1, 5-ka, Anam-dong,
Seongbuk-gu, Seoul 136-701, Republic of Korea

2Department of Chemistry, Korea University, 1, 5-ka, Anam-dong, Seongbuk-gu, Seoul 136-701,
Republic of Korea

SInstitut Pasteur Korea, Seongnam-si, Gyeonggi-do, 463-400, Republic of Korea
“Pacific Northwest National Laboratory, Richland, WA 99352, USA

Abstract

The construction of a trypsin column for rapid and efficient protein digestion in proteomics is
described. Electrospun and alcohol-dispersed polymer nanofibers were used for the fabrication of
highly stable trypsin coatings, which was prepared by a two-step process of covalent attachment
and enzyme crosslinking. In a comparative study with the trypsin coatings on as-spun and non-
dispersed nanofibers, it has been observed that a simple step of alcohol dispersion improved not
only the enzyme loading but also the performance of protein digestion. In-column digestion of
enolase was successfully performed in less than twenty minutes. By applying the alcohol
dispersion of polymer nanofibers, the bypass of samples was reduced by filling up the column
with well-dispersed nanofibers, and subsequently, interactions between the protein and the trypsin
coatings were improved, yielding more complete and reproducible digestions. Regardless of
alcohol-dispersion or not, trypsin coatings showed better digestion performance and improved
performance stability under recycled uses than covalently-attached trypsin, in-solution digestion,
and commercial trypsin beads. The combination of highly stable trypsin coatings and alcohol-
dispersion of polymer nanofibers has opened up a new potential to develop a trypsin column for
on-line and automated protein digestion.

INTRODUCTION

An efficient protein digestion with high reproducibility is of great importance for successful
bottom-up proteomics where proteins are digested by proteolytic enzymes such as trypsin to
produce peptides for mass spectrometric analysis. Protein digestion is commonly performed
in gel or in-solution. However, these processes have several drawbacks, such as long
digestion time on the order of 4-15 h, low trypsin-to-substrate ratios due to trypsin autolysis,
and loss of peptides during the sample preparation.1 The use of free soluble trypsin not only
results in poor trypsin stability due to autolysis, but also limits high-throughput peptide
identification as well as automated protein digestion.1:2 Many studies have been reported to
overcome these drawbacks and improve the protein digestion efficiency. For example,
trypsin was immobilized in or on solid supports such as sol-gel silica,3 magnetic particles,4
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polymeric materials,5 monolithic columns,6 syringe,7 and microchips.8 The use of
appropriate supports could reduce the digestion time by increasing the ratio of trypsin to
substrate proteins. Further acceleration of protein digestion process was realized by applying
energy inputs such as high temperature,9 pressure,10:11 ultrasound,12 microwave radiation,
13 and a combination of immobilized trypsin and irradiation.4 On-line coupling of protein
digestion to LC/MS/MS is desirable as it would increase throughput of entire proteomics
experiments and minimize the sample losses.3:11:14722 The most common system involves
the immobilized enzyme reactors, which enables in-column digestion coupled with on-line
separation columns prior to mass spectrometry detection.22724 Despite many attempts, the
ultimate process of automated and on-line protein digestion has not been realized due to
several limitations such as poor enzyme activity and stability that usually result from
autolysis and proteolysis by other proteases in the samples.

Recently, we reported successful stabilization of the trypsin (TR) activity in the form of
enzyme coatings (EC) on the surface of electrospun polystyrene-poly(styrene-co-maleic
anhydride) nanofibers.25 Trypsin-coated nanofibers (EC-TR/NF) showed high trypsin
activity due to high enzyme loading, maintained its initial activity under recycled uses and
rigorous shaking for one year, and was highly resistant to proteolytic digestion. EC-TR/NF
was also successfully used in digesting bovine serum albumin and S. oneidensis proteome
extract.25 EC-TR/NF, prepared by the fabrication of crosslinked trypsin molecules onto as-
spun polymer nanofibers, forms multi-point covalent linkages on the surface of trypsin
molecules, which can effectively prevent both denaturation and autolysis of trypsin.
Crosslinking enzymes is well known for its effective enzyme stabilization by preventing the
enzyme denaturation in the same mechanism. However, most of crosslinked enzyme
systems have been developed in a form of carrier-free systems,26 which are difficult to be
employed in repeated protein digestions due to the fragile nature of crosslinked enzymes
with no carriers. The use of polymer nanofibers can find its advantages as a carrier of trypsin
coatings due to their high surface area and durability. Most of trypsin coatings on polymer
nanofibers are of nanometer-scale thickness and attached onto a large area of nanofiber
surface. This structural feature of trypsin coatings on polymer nanofibers enables a tight
binding of trypsin coatings on nanofibers, which led to an unprecedented success in
stabilizing the trypsin activity.25

When a trypsin digestion column was attempted by using EC-TR/NF as an extended
application, however, as-spun nanofibers created the void volume in a column due to their
entangled form, which caused the sample bypassing and resulted in inefficient protein
digestion. In the present work, we propose the alcohol dispersion of polymer nanofibers to
achieve a well-packed column with highly-dispersed nanofibers. First, the trypsin coating
was fabricated on the alcohol-dispersed nanofibers (EC-TR/EtOH-NF), and investigated in
its activity, morphology, protein digestion performance, and digestion performance stability
in a comparative study with the trypsin coating on as-spun nanofibers (EC-TR/NF). Then,
the digestion performance of EC-TR/EtOH-NF was compared with those of in-solution
digestion and commercially available trypsin beads by digesting enolase at 50°C. Finally, a
trypsin column with reduced void volume was prepared by using EC-TR/EtOH-NF, and in-
column digestion was performed with improved digestion efficiency and in a short time such
as less than 20 min.

EXPERIMENTAL SECTION

Materials

Trypsin, glutaraldehyde (GA), N,-Benzoyl-L-arginine 4-nitroanilide hydrochloride (L-
BAPNA), enolase, N,N-dimethylformamide (DMF) was purchased from Sigma (St. Louis,
MO, USA). Polystyrene (PS, Mw = 860,000) and poly(styrene-co-maleic anhydride)

Anal Chem. Author manuscript; available in PMC 2011 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Junetal.

Page 3

(PSMA, Mw = 224,000) was purchased from Aldrich (Milwaukee, WI, USA).
Tetrahydrofuran was purchased from J. T. Baker (Phillipsburg, NJ, USA). Chromatography
column was purchased from Omnifit (Cambridge, England). Commercial trypsin-
immobilized beads were purchased from Promega Corp. (Madison, WI, USA). All other
reagents were purchased from Sigma and Aldrich in the highest grade commercially
available.

Electrospinning of polymer nanofibers and alcohol dispersion

Polymer nanofibers were prepared via electrospinning, as previously described.27 Polymer
solution was prepared at room temperature by dissolving and mixing the 2:1 weight ratio of
PS:PSMA mixture in the mixture of tetrahydrofuran and acetone with the 4:1 volume ratio
for several hours. The polymer solution was loaded into a syringe equipped with 30-gauge
stainless steel syringe needle. The voltage of 7 kV was applied, and the solution was fed at a
rate of 0.1 ml h™1 using a syringe pump (PHD-2000 Infusion, Harvard Apparatus, Holliston,
MA, USA). The electrospun nanofibers were collected on grounded aluminum foil at a
suitable distance (7 to 10 cm) from the tip of the needle (Figure S-1). Electrospun polymer
nanofibers was added into an aqueous alcohol solution (50%, v/v) and shaken at 200 rpm for
10 min. After the polymer nanofibers were fully dispersed (Figure S-2), they were
excessively washed with 10 mM sodium phosphate buffer (pH 7.9) and kept in the same
buffer.

Trypsin coating on polymer nanofibers

Either dispersed or as-spun nanofibers were incubated in 5 mL of 10 mg mL™? trypsin
solution in 10 mM sodium phosphate buffer (pH 7.9). After being shaken at 200 rpm for 30
min, and the vial was placed on the rocker (50 rpm) in a refrigerator (4°C) for 2 h in order to
prepare covalent-attached trypsin onto nanofibers (CA-TR). For the preparation of trypsin
coatings (EC-TR), the GA stock solution was added into the vial with the final GA
concentration to be 0.5% (w/v), and the mixture was incubated at room temperature for 150
min and shaken on the rocker (50 rpm) at 4°C overnight. For the case of CA-TR, a buffer
was added instead of the GA stock solution. After an overnight incubation, the trypsin
nanofibers (both CA-TR and EC-TR) were washed with 100 mM sodium phosphate (pH
7.9). The unreacted aldehyde groups were capped by incubating the trypsin nanofibers in
100 mM Tris-HCI (pH 7.9) for 30 min. Trypsin nanofibers were washed excessively with 10
mM sodium phosphate buffer (pH 7.9), and were stored in the same buffer at 4°C until used.

Activity measurement of trypsin nanofibers

The TR activity of trypsin nanofibers were measured by the hydrolysis of L-BAPNA in an
aqueous buffer (10 mM sodium phosphate, pH 7.9) (Figure S-3). Trypsin nanofibers were
added to a vial containing 10 ml of L-BAPNA solution, the vial was shaken at 200 rpm, and
aliquots were taken time-dependently from the reaction mixture. The concentration of p-
nitroaniline in each aliquot was measured by the absorbance of 410 nm (A410) using a UV-
VIS spectrophotometer (Shimadzu, UV-2450, Kyoto, Japan), and the initial activity was
calculated from the slope of A4y with time.

In-vial protein digestion

Trypsin nanofibers were used for the digestion of enolase. First, 1 mL of 2 mM enolase in
100 mM ammonium bicarbonate (pH 8.0) was added into a vial containing trypsin
nanofibers in 1 mL of 100 mM ammonium bicarbonate buffer (pH 8.0). The digestion was
carried out at room temperature under shaking (200 rpm) for overnight. Finally, 1.5 mL of
solution was transferred to a new glass vial, and formic acid wad added to quench the
reaction. The samples were stored at —70°C until analyzed by LC/MS/MS. Trypsin
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nanofibers were excessively washed and stored at 4°C until the next digestion. To compare
the digestion performance of trypsin-coated nanofibers (EC-TR/EtOH-NF) with in-solution
digestion using free trypsin and commercially-available trypsin beads, enolase was digested
under shaking (250 rpm) at 50°C for 6 hrs. For in-solution digestion, trypsin was added to
the enolase solution in a weight ratio of 1:50 while the enolase digestion using the
commercial beads was performed by following a standard protocol provided by Promega.
Repeated digestions using EC-TR/EtOH-NF and commercial beads were carried out after
excessively washing and incubating them under shaking (250 rpm) at 50°C until the next
digestion. In the case of in-solution digestion, the sample was incubated under shaking (250
rpm) at 50°C, and an appropriate amount of aliquot was removed for each protein digestion
at each time point.

Trypsin column and in-column digestion

Trypsin digestion columns were prepared by fabricating EC-TR on as-spun or alcohol-
dispersed nanofibers in a column (3 mm i.d. and 5 cm long). First, a column was filled with
as-spun nanofibers, and then an aqueous alcohol solution (50%, v/v) was delivered into the
column at a flow rate of 1 mL h™2 for 10 h. Instead of alcohol solution, an aqueous buffer
with no alcohol was used in this step for the preparation of EC-TR on as-spun nanofibers as
a control. A trypsin solution (10 mg mL™1 in 10 mM sodium phosphate, pH 7.9) was
pumped into the column at a flow rate of 2.5 mL h™1 for 2 h. Then, the aqueous mixture of
2.5 mg mL™1 trypsin and 0.05% w/v GA was fed into the column at a flow rate of 1 mL h™?!
for 10 min, and the trypsin crosslinking was performed for 50 min. After enzyme
crosslinking twice, the column was washed with 100 mM sodium phosphate (pH 7.9) and
incubated with 100 mM Tris-HCI (pH 7.9) for 1 h to cap the unreacted aldehyde groups. The
trypsin column was washed extensively with 10 mM sodium phosphate buffer (pH 7.9) ata
flow rate of 5 mL h™1, and stored in the same buffer at room temperature. In-column protein
digestion was performed at room temperature by making a flow of enolase solution (100 ng
uL™1) through the column at a rate of 2 uL min~1. The effluents were analyzed by using LC/
MS/MS.

LC/MS/MS analysis

The tryptic digests were analyzed by a nanoACQUITY UPLC (Waters, Milford, MA, USA)
and 7-tesla Fourier transform ion cyclotron resonance mass spectrometer (FTICR, LTQ-FT,
ThermoFinnigan, San Jose, CA, USA). The nanoACQUITY UPLC system was equipped
with an in-house capillary column (75 pm i.d., 360 um o.d., and 70 cm long; Polymicro
Technologies, Phoenix, AZ, USA) that was packed with C18-bonded particles (3 um
diameter, 300 A pore size, Phenomenex, Torrance, California, USA). The LC system was
also equipped with an online SPE (Solid Phase Extraction) column (250 um i.d. packed with
the same 3 um C18 particles). The tryptic peptides were loaded onto the online SPE column
for 3 min with solvent A (0.1% formic acid in water) and eluted from the capillary column
with a 60-min linear gradient of 10—60% solvent B (0.1% formic acid in acetonitrile). The
linear low rate was 0.35 puL min~1. The LTQ-FT mass spectrometer was operated in a data-
dependent mode, in which one full MS (from m/z 450 to 1800) scan was followed by three
MS/MS scans. Normalized collision energy of 35% was used for peptide fragmentation. The
mass spectrometric data was processed by the SEQUEST search algorithm (Bioworks 3.3,
Thermo Fisher Scientific, New York, USA) program for an identification of the enolase
tryptic peptides.

RESULTS AND DISCUSSION

Polymer nanofibers were prepared by electrospinning the mixture of PS and PSMA in a
mixture of tetrahydrofuran and acetone, and further dispersed in an aqueous solution of 50%
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(v/v) ethanol.28 Alcohol-dispersed polymer nanofibers were coated with trypsin aggregates
by crosslinking additional trypsin molecules onto covalently-attached trypsin molecules on
the nanofibers (Figure 1). The as-spun nanofibers floated on the water, but was observed to
sink into the water upon treatment with an aqueous alcohol solution, which effectively
dispersed the polymer nanofibers (Figure S-2).28 By considering the higher densities of
polystyrene (1.05 g mL™1) and poly(styrene-co-maleic anhydride) (1.10 g mL~1) than that of
water, the floating of as-spun nanofibers was explained by the hydrophobic nature of
polymer nanofibers that allows tiny air-bubbles in a tightly-entangled form of nanofibers.28
Then, the treatment of as-spun nanofibers with the alcohol solution, which is more
hydrophobic than water, could lead to the penetration of ethanol molecules into the matrix of
polymer nanofibers, the removal of tiny air bubbles, and the dispersion of polymer
nanofibers. Well-dispersed state of alcohol-treated nanofibers was maintained even after
replacing the alcohol solution with water, supporting the mechanism of air-bubble removal
during the alcohol dispersion. It was also observed that the formation of trypsin coating on
nanofibers marginally helped to further immerse the nanofibers into the water (Figure S-2),
which can be explained by the surface hydrophilization upon coating nanofibers with
hydrophilic enzymes.

The trypsin activity was measured by the hydrolysis of L-BAPNA in an aqueous buffer
solution (10 mM sodium phosphate, pH 7.9) (Figure S-3). Table S-1 shows the kinetic
constants of trypsin-coatings on as-spun and alcohol-dispersed nanofibers, which are
represented by EC-TR/NF and EC-TR/EtOH-NF, respectively. Generally, the enzyme
loading results are supposed to be obtained by calculating the disappeared protein amounts
from the measurements of protein concentrations in solution before and after the enzyme
immobilization. However, the enzyme crosslinking during the preparation of enzyme
coating not only attaches the crosslinked enzyme coatings on nanofibers, but also generates
insoluble form of crosslinked enzymes in an aqueous solution. This insoluble form of
crosslinked enzymes interferes with the measurement of protein concentration that requires
the soluble form of enzymes. As a result, the exact enzyme loading of trypsin-coated
nanofibers could not be obtained. For this reason, the specific activity, defined as the activity
per unit weight of enzyme, could not be calculated, and the comparative study was done by
using the normalized activity per unit weight of polymer nanofibers. Table S-1 shows the
kinetic values of Vipax, Km, and Vmax/Km of EC-TR/NF and EC-TR/EtOH-NF. The values
of Keat (= Vimax / [Eog]) and keat/Kiy could not be obtained because the exact enzyme loading
could not be measured. Instead, all the activity measurements for kinetic study were done by
using trypsin-coatings on 1 mg of nanofibers. The Va/Km values of EC-TR/NF and EC-
TR/EtOH-NF were 430 x 1078 and 1380 x 1078 s71, respectively. The 3.2-fold increase of
Vmax/Km by using dispersed nanofibers can be explained by the combination of 19-fold
increased Vax and 5.8-fold increased Ky, of EC-TR/EtOH-NF when compared to those of
EC-TR/NF.

The increased Vax 0f EC-TR/EtOH-NF can be attributed to the increased trypsin loading
on dispersed nanofibers with more exposed surface area and inter-fiber space available for
the immobilization of trypsin coating. To dissect the contributions of surface area and inter-
fiber space to the improved trypsin loading on alcohol-dispersed nanofibers, the enzyme
loadings of covalently-attached trypsin on as-spun (CA-TR/NF) and dispersed nanofibers
(CA-TR/EtOH-NF) were obtained. Since the preparation of covalently-attached trypsin
(CA-TR) does not require the step of enzyme crosslinking, the enzyme loading could be
obtained via a conventional method that measures the disappeared enzyme amount from the
solution during the enzyme immobilization. The trypsin loadings of CA-TR/NF and CA-TR/
EtOH-NF were 200 ug and 640 pg per mg of nanofibers, respectively. This is a similar trend
to the increased enzyme loading of covalently-attached lipase on alcohol-dispersed polymer
nanofibers.28 Because covalently-attachment of enzymes results in a monolayer coverage of
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enzyme molecules on the surface of nanofibers, the 3.2-fold higher trypsin loading of CA-
TR/EtOH-NF reveals that the dispersion of polymer nanofibers provided 3.2-fold increase of
available surface area for the covalent attachment of enzyme. Then, the 19-fold increase of
Vmax With EC-TR/EtOH-NF can be explained partly by 3.2-fold increase of accessible
surface area on nanofibers, and the remaining 5.9-fold increase of Vs (19/3.2 = 5.9) could
be attributed to the other factors such as enlarged inter-fiber space that can also improve the
enzyme loading in the form of multiple-layered enzyme coating. With an assumption that
the kq4t Value of trypsin coating is not affected by using dispersed polymer nanofibers, it is
estimated that the trypsin coating on dispersed nanofibers was 5.9 times thicker than that on
as-spun nanofibers because the enlarged inter-fiber space enables the formation of thicker
enzyme coating. The increased K, of EC-TR/EtOH-NF can be explained by more severe
mass-transfer limitation through thicker trypsin coating on dispersed nanofibers.
Interestingly, the 5.8-fold increase in Ky, of EC-TR/EtOH-NF well matched with the
estimated 5.9-fold increase of coating thickness with EC-TR/EtOH-NF, which can be
explained by the correlation between the thickness of enzyme coating and the mass transfer
limitation.

The protein digestions of enolase were carried out in vials by using four different trypsin
nanofibers (CA-TR/NF, CA-TR/EtOH-NF, EC-TR/NF, and EC-TR/EtOH-NF) to compare
their digestion performance under recycled uses for repeated protein digestions. The samples
of CA-TR were added for a comparative study because the covalent attachment of enzymes
is well known as one of conventional immobilization approaches that can stabilize the
enzyme activity. Enolase was selected as a model protein because it results in tryptic
peptides with a broad range of hydrophobicities that covers the entire LC gradient.29733
After in-vial digestion of enolase by trypsin nanofibers, the digested peptides were analyzed
by using LC/MS/MS. Figure 2 shows the LC-MS/MS spectra of enolase digests that were
obtained from in-vial digestion by freshly-prepared trypsin nanofibers. The five tryptic
peptides of enolase, marked with asterisks in Figure 2, were selected to quantitatively
estimate the degree of tryptic digestion: GNPTVEVELTTEK, 708.8648;
NVNDVIAPAFVK, 643.8589; TAGIQIVADDLTVTNPK, 878.4787,;
AVDDFLLSLDGTANK, 789.9040; and SGETEDTFIADLVVGLR, 911.4648. These five
peptides are fully tryptic with no missed cleavages (Figure S-4) and cover from early to later
gradients of LC separation. The summation of chromatographic peak areas of these five
enolase-specific peptides is expected to better represent the degree of tryptic digestion (i.e.
as the digestion proceeds, the MS intensities of these fully tryptic peptides increase barring
degradation of these tryptic peptides) than measuring protein sequence coverage.34 As the
current LC/MS/MS analysis platform was estimated to have sub-attomole detection
sensitivity (Figure S-5), the simple estimation of protein sequence coverage might not be an
accurate measure for the digestion efficiency. LC/MS/MS analysis of this sensitivity can
result in a similar (if not the same) protein coverage for both low and high intensity
chromatograms, resulting from low and high efficient digestions, respectively. As long as a
peptide sequence is identified, it contributes the same to the protein sequence coverage
regardless of its abundances. However, the chromatrographic areas of fully tryptic peptides
represent the amount of the final products of tryptic digestion, which have a strong
correlation to the digestion efficiency. With the increased digestion efficiency, it is expected
to produce more fully tryptic peptides, leading to higher chromatrographic peak areas. The
trypsin coatings generated higher intensity peaks of enolase-specific peptides than
covalently-attached trypsin samples, and the use of alcohol-dispersed nanofibers further
improved the performance of trypsin digestion over as-spun nanofibers as evidenced by
increased peak intensities of the five peptides (Figure 2).

The stability of digestion performance was also investigated by recycling each of trypsin
nanofibers and examining the resultant LC/MS/MS chromatograms. The digestion
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performance rapidly dropped when the samples of CA-TR were used for the enolase
digestion while the trypsin coatings on both as-spun (EC-TR/NF) and dispersed nanofibers
(EC-TR/EtOH-NF) maintained the initial digestion performance even after 59 days (Figure
S-6). As expected, the summation of chromatographic peak areas of the five enolase-specific
peptides better represented the changes of digestion performance of trypsin nanofibers than
protein sequence coverage because the latter failed to show the decreasing digest
performance of CA-TR (Figure S-7), which was evident in chromatographic peak areas
(Figure S-6). Figure 3 compares time-dependent digestion performances of trypsin
nanofibers, by calculating the total chromatographic peak areas of five tryptic enolase
peptides. It is evident that the trypsin coatings were stable enough to maintain the initial
peak area of five peptides, indicating reproducible digestions even after 59 days, while
covalently-attached trypsin showed a rapid decrease of total peak area due to its poor
stability. The poor stability of covalently-attached trypsin can be explained by both autolysis
and denaturation of trypsin under shear stress of rigorous shaking for enolase digestion. On
the other hand, the good performance stability of trypsin coatings can be explained by both
the tight binding of enzyme coatings on nanofibers and the prevention of trypsin autolysis
due to multi-point linkages on the trypsin molecules formed by chemical crosslinking.25:35

To compare the digestion performance of EC-TR/EtOH-NF with in-solution digestion and
commercial trypsin beads, the enolase digestion was carried out in vials under shaking (250
rpm) at 50°C for 6 hrs. Figures 4 and S-8 show the stability of digestion performance of
each sample after incubation at 50°C. At each time point, an aliquot of free trypsin solution
was used for in-solution digestion while the samples of commercial trypsin beads and EC-
TR/EtOH-NF were repeatedly used after excessive washings. The initial enolase digestion
of EC-TR/EtOH-NF resulted in a slightly higher total peak area of five enolase-specific
peptides than those of in-solution digestion and commercial trypsin beads. More
importantly, the initial digestion performance of EC-TR/EtOH-NF was maintained after
repeated digestions up to 60 hrs while both in-solution digestion and commercial trypsin
beads showed a reduced digestion performance in the same condition (Figure 4). The
digestion performance stability of each sample is more vividly shown in the extracted
chromatogram of five enolase-specific peptides in a linear scale of peak intensity (Figure
S-8). This result suggests that EC-TR/EtOH-NF is stable enough to be repeatedly used
without losing the digestion performance at high temperature such as 50°C as well as at
room temperature.

As an extension of successful in-vial digestion by using EC-TR/EtOH-NF, a trypsin column
was prepared by filling up a column with as-spun nanofibers, dispersing polymer nanofibers
via alcohol treatment, and fabricating the trypsin coating on dispersed nanofibers. As a
control experiment, another trypsin column was prepared by omitting the second step of
alcohol-dispersion. As shown in Figure 5, the alcohol dispersion was effective in filling up
the column with fully-dispersed polymer nanofibers, which is critical in preventing the
bypass of samples through the void volume of as-spun nanofibers in a column. The trypsin
coating column with dispersed polymer nanofibers resulted in a better digestion performance
by showing higher peaks of five enolase-specific peptides than the column with as-spun
nanofibers under the same digestion condition (Figure 5). The total peak areas of five
enolase-specific peptides were 2.5 x 107 and 4.2 x 107 for digestions in columns with as-
spun and dispersed nanofibers, respectively. Better digestion performance of EC-TR/EtOH-
NF column can be explained by the better contact of protein with trypsin coating on fully-
dispersed nanofibers with less void volume. It should also be noted that in-column digestion
was completed less than 20 min and can be further expedited by using higher flow rate.
These promising results of EC-TR/EtOH-NF column have opened up a new potential to be
employed for on-line and automated protein digestion at a much reduced time scale.
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CONCLUSIONS

Alcohol dispersion of electrospun polymer nanofibers, combined with the trypsin coating
approach, has proven to be effective in improving enzyme loading, overall enzyme activity,
and performance of protein digestion. The protein digestion column, filled with trypsin
coating on alcohol-dispersed nanofibers, has demonstrated its potential to be used in on-line
and automated protein digestion for facile proteomic analysis, which is being hampered
mostly by poor trypsin stability. Although the current work is mainly focused on the
development of trypsin digestion column, the combined approach of enzyme coating and
alcohol-dispersion can be applied to the other enzymes for the development of various
enzyme columns with high activity and performance, good stability and long lifetime, and
reduced bypass of samples.
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Figure 1.
Schematic diagram for the preparation of alcohol-dispersed nanofibers and trypsin coating
(EC-TR).
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Figure 2.
LC/MS/MS spectra of the enolase digests obtained by using freshly-prepared trypsin
nanofibers. (a) CA-TR/NF, (b) CA-TR/EtOH-NF, (c) EC-TR/NF, and (d) EC-TR/EtOH-NF.
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Figure 3.

In-vial enolase digestion catalyzed by trypsin nanofibers under recycled uses. The peak
areas of five enolase-specific peptides were summed to check the performance of enolase
digestion at each time point.
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Figure 4.

In-vial enolase digestion at 50°C for the comparison of EC-TR/EtOH-NF with in-solution
digestion and commercial trypsin beads in their digestion performance and stability. The
peak areas of five enolase-specific peptides were summed to check the performance of
enolase digestion at each time point.
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Trypsin digestion columns, and LC/MS/MS chromatography of enolase digests from in-
column digestion with (a) EC-TR/NF and (b) EC-TR/EtOH-NF at a flow rate of 2 pL/min.
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