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Abstract:

A novel stationary phase for affinity separations is presented. This material is based on sintered
borosilicate glass readily available as semi-finished filter plates with defined porosity and surface
area. The material shows fast binding kinetics and excellent long-term stability under real
application conditions due to lacking macropores and high mechanical rigidity. The glass surface
can be easily modified with standard organosilane chemistry to immobilize selective binders or
other molecules used for biointeraction. In this paper, the manufacturing of the columns and their
respective column holders by 3D printing is shown in detail. The model system protein A/IgG was
chosen as an example to examine the properties of such monolithic columns under realistic
application conditions. Several specifications, such as (dynamic) IgG capacity, pressure stability,
long-term performance, productivity, non-specific binding, and peak shape, are presented. It could
be shown that due to the very high separation speed, 250 mg antibody per hour and column can be
collected, which surpasses the productivity of most standard columns of the same size. The total
IgG capacity of the shown columns is around 4 mg (5.5 mg/mL), which is sufficient for most tasks
in research laboratories. The cycle time of an IgG separation can be less than 1 minute. Due to the
glass material's excellent pressure resistance, these columns are compatible with standard HPLC
systems. This is usually not the case with standard affinity columns, limited to manual use or
application in low-pressure systems. The use of a standard HPLC system also improves the ability
for automation, which enables the purification of hundreds of cell supernatants in one day. The
sharp peak shape of the elution leads to an enrichment effect, which might increase the
concentration of IgG by a factor of 3. The final concentration of IgG can be around 7.5 mg/mL
without the need for an additional nanofiltration step. The purity of the IgG was > 95% in one step
and nearly 99% with a second polishing run.

Keywords: Affinity chromatography, matrix, solid support, resin, support materials, glass filter,
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1. Introduction

Many different stationary phases or supports have been used for sample preparation and
chromatographic applications. In the field of HPLC, silica-based materials are prevailing; in FPLC,
dextran- or agarose-based materials seem to be used most frequently. For affinity separations [1,2],
cross-linked dextrans, agaroses [3], celluloses, silica materials, acrylic, and epoxide polymers [4],
porous glass, and many others can be used, all with their pros and cons [5,6]. Also, cryogels,
hydrogels, and hybrid materials have been suggested [7]. The emergence of monolithic materials
was considered a major step for more advanced stationary phases [8-12]. Their usefulness for
affinity separations was acknowledged, and the main solid supports were discussed in a review
[13]. Although some commercial products are available [14], they could not gain a large market
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share yet. Some of their drawbacks seem to be their difficult manufacturing and the occurrence of
radial pore gradients. Their low back-pressure was acknowledged as an advantage. However, their
overall performance was not superior to conventional materials, particularly compared to modern
UHPLC materials with small particles or core-shell structure. For affinity separations, soft materials
in the form of beads are most common, which require quite low flow rates and very limited pressure.
This also requires relatively large bead diameters, which causes peak broadening and hence slow
kinetics. Also, most materials are not suitable for high-resolution separations and are not compatible
with high-pressure systems, such as HPLC or UHPLC systems. Therefore, we aimed to develop a
stationary phase mainly for affinity applications [15,16], which would overcome these limitations.
First, we tried to use porous glass [17] for this purpose, which turned out to be an excellent material
for affinity separations. However, the problematic commercial availability and high cost motivated
us to look for alternatives. Among other materials, we tested sintered borosilicate glass (Fig. 1),
which is a proven material for filtration (fritted glass) and other purposes for many decades. These
products are based on cheap borosilicate glass powder and are produced commercially in high
volumes. Hence, the price of such materials is quite low.
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Fig. 1: Environmental scanning electron microscopy (ESEM) of a sintered borosilicate monolith
(VitraPOR 5).

Another advantage is the nearly complete lack of spatial inhomogeneity due to the bulk
preparation of the semi-finished sintered plates, from which the monolithic borosilicate cylinders
are drilled with a diamond tool. Here, we show the preparation of affinity columns in a step-by-
step protocol, their respective holders, and their coating with biochemical ligands, such as protein
A and the application for the analytical determination of IgG and the preparative isolation of IgG
from human plasma (see Supplementary Material). The same columns were used both in low-
pressure (FPLC) and high-pressure (HPLC) systems. Reproducibility and other characteristic
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parameters were determined. High-speed separations down to 60 seconds could be shown, and 100
regeneration cycles have been performed without significant activity losses. Extrapolated from
these data, the system might be useful for several thousand separation cycles. These columns can
be used for semipreparative purposes, such as the fast and automated purification of some
milligrams of an antibody, or for analytical purposes to quantify IgG precisely in a sample or lab-
scale product.

2. Materials and Methods

Biochemicals: LyoPlas N - w (lyophilized human plasma) was obtained from Deutsches Rotes
Kreuz, Germany. Recombinant protein A was obtained from ProSpec (Staphylococcal Protein-A
41 kDa, pro-774). Adalimumab (Humira obtained from Evidentic, Berlin, 100 mg/mL); Albumin from
Bovine Serum (BSA, Sigma-Aldrich, A7906-100G); Bevacizumab (Avastin obtained from Evidentic,
Berlin, 25 mg/ml); Serva Triple Color Protein standard III (Serva, 39258.01). Buffers: PBS (10x powder,
from AppliChem, A0965,9010); binding buffer: NazHPOs - 2 H20 (8.7 mM), NaH2POs - 2 H20 (3.3
mM), pH 7.4; elution buffer: NaH2POs - 2 H20 (6.0 mM), HsPOs (6.0 mM), pH 2.3; 4x loading buffer
for SDS-PAGE (non-reducing): glycerol (40%), Tris-Base (1 M, pH 6,8) (25%), sodium dodecyl sulfate
SDS (8%), bromophenol blue (0.02%); SDS running buffer (10x): tris-base (250 mM), glycine (1.92 M),
SDS (1%); Tris-HCl buffer (Tris-base, 100 mM, pH 6.0 with HCl, Promega, H5131). Solvents: Ethanol
(absolute for HPLC, Labsolute, 2222).

Other reagents: EDTA disodium salt 2-hydrate (AppliChem, 131669.1209); formaldehyde
(Sigma, 252549-25ML); (3-glycidoxypropyl)methyldimethoxysilane (Sigma-Aldrich, 539252, CAS
65799-47-5); (3-glycidyloxypropyl)trimethoxysilane (Sigma-Aldrich, 440167 , CAS 2530-83-8);
hydrochloric acid (ChemSolute, 857,1011); Mucasol ® (Brand, 230091); potassium hydroxide
(AppliChem, A1575,1000); silver nitrate (Roth, 9370.4); sodium carbonate (AppliChem,
AP141648.1211); sodium chloride (Acros Organics, 446212500); sodium cyanoborohydride (Sigma-
Aldrich, 156159); sodium hydroxide (Sigma-Aldrich, 30620-1KG-R); sodium periodate (Sigma-
Aldrich, 51878, CAS 7790-28-5); sodium thiosulfate (Roth, HN25.1); sulfuric acid (AppliChem,
A0655,1000GL); Tween 20 (Serva, 37470.01). The water used was purified by an Ultra-Pure Water
System from Millipore Co., with a resistivity of 18.2 MQ-cm. Columns: For comparison, a column
HiTrap rProtein A FF, 1 mL (Cytiva: 29-0485-81) was used.

Preparation of the monolithic raw column: The sintered borosilicate cylinders were obtained from
ROBU Glasfilter-Gerate GmbH, Hattert, Germany. They are based on glass filters of the porosity
classes Por. 5 (P 1.6, Ultrafine, pore size 1-1.6 um) or Por. 4 (P 16, Medium, pore size 10-16 pum) made
of borosilicate glass 3.3. These classes are defined in ISO 4793-80 (International Standard) and ASTM
EI28-99 (American Standard). The monolithic cylinders are prepared by custom order with the
designation VitraPOR 5 or 4, diameter 8 mm, length 15 mm, front surfaces finely sawn. These raw
cylinders of around 0.75 mL (Fig. 2) are glued into short tubes made of titanium grade 2 with outer
dimensions of 15.2 mm x 12.0 mm and a wall thickness of 1.0 mm, respectively (Fig. 3). The tubes
were cleaned and roughened with sodium hydroxide solution. A silicone glue with a suitable
viscosity and chemical stability is needed, such as silicon F liquid, obtainable from WEICON
(13200310). The metal tube and the monolith are fixed concentrically on an adhesive tape. The
interspace is filled with liquid silicone glue gently not to loosen the fixed monolith. To avoid that the
second front face is contaminated with silicone, the second front should be protected with a round
patch, cut from adhesive tape, which can be removed after the polymerization of the silicone. A
column holder was prepared by additive manufacturing from acrylonitrile-butadiene-styrene-
polymer (ABS) with a Zortrax M200 system. The detailed description of the construction and
manufacturing of the column and the column holder is shown in the Supplementary Material
supported by a picture story.
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Fig. 2: Close-up of the raw cylinder based on the partially sintered borosilicate glass VitraPOR
5, diameter 8 mm, length 15 mm, volume 0.75 mL.

Fig. 3: Raw cylinder, glued into a titanium tube, outer diameter 12 mm, inner diameter 10 mm
(details see Supplementary Material).

Optimized coating protocol of the borosilicate surface with protein A
The assembled column system was connected to a syringe pump (Standard Infusion Only Pump 11
Elite from Harvard Apparatus), and several reagents and washing solutions were pumped through
the column. If not indicated otherwise, a flow rate of 1 mL/min was used, and the reactions took place
at room temperature.
In order to clean the glass surface, 10 mL of KOH (20 %) was pumped through the column. Afterward,
the column was washed with 10 mL of PBS to obtain a neutral pH before the column was equilibrated
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with 10 mL of EtOH/H20 (99:1). As the first reaction step (Fig. 4), 10 mL of (3-glycidyloxypropyl)
trimethoxysilane (10 % in EtOH/H20 99:1) was pumped through the column for 10 minutes. The
column was sealed on both sides and incubated for 1 h. After a washing step with 10 mL of EtOH/H20
(99:1), the column was flushed with 3 mL of water and 10 mL of H2SOs (0.5 M) and sealed on both
sides. The column was placed in a drying oven (UNB 200, Memmert) to incubate for 1 hour at 80 °C.
In this step, the epoxide groups were hydrolyzed to form a diol surface. After flushing the column
with 10 mL of PBS to remove the acid and to achieve a neutral pH, the column was flushed with 10
mL of sodium periodate (0.2 M of NalOs). Subsequently, the column was washed with 10 mL of PBS,
and the remaining PBS was pushed out with nitrogen. Later, 3 mL of a protein A solution (10 mg/mL
in PBS) was run through the column. The column was sealed on both sides and incubated overnight.
On the next morning, 10 mL of a blocking and reduction solution (10% of BSA + 10 mM of Tris + 150
mM of NaCl + 50 mM of NaBHsCN, pH adjusted to 7.4 with HCI) was flushed through the column
with a flow rate of 0.166 mL/min for 1 hour. Subsequently, the column was washed with 10 mL of
PBS-T (0.05% of Tween 20). Finally, the column was flushed with 10 mL of H20, 10 mL of EtOH (20%
in H20) was stored in the fridge until use.
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Fig. 4: Scheme of the optimized column conjugation procedure: Surface functionalization with
epoxysilane, hydrolysis with sulfuric acid, periodate oxidation, and conjugation of protein A via
reductive amination.
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Analytical IgG determination on an HPLC system:

The HPLC experiments were performed on a bio-inert Infinity 1260 HPLC system from Agilent, and
absorption was monitored at 280 nm. The maximum flow rate of 5 mL/min was used throughout.
Lyophilized human plasma was reconstituted in water (100 mg/mL) and diluted in binding buffer
(pH 7.4). The obtained solution was micro-filtered (0.22 um). The column was connected to the
system and then equilibrated with water, elution buffer, and binding buffer. A method was
programmed and used for all future runs: The method injects 10-100 pL of the human plasma (diluted
in binding buffer), then flushes the column with 2.5 mL of binding buffer to remove non-binding
components before eluting IgG with 5.0 mL of elution buffer (pH 2.3) and eventually equilibrating
the column back to pH 7.4 with 5.0 mL of binding buffer.

Preparative IgG isolation on an FPLC system:

The FPLC experiments were performed on an AKTA pure 25 L from GE Healthcare Life Sciences,
and absorption was monitored at 280 nm. Flow rates between 5-25 mL/min were used, depending
on the experiments performed. Lyophilized human plasma was reconstituted in water (100 mg/mL)
and diluted in binding buffer (pH 7.4). The obtained solution was micro-filtered (0.22 um) and then
filled into the super loop (up to 10 mL) of the system. The column was connected to the system and
then equilibrated with water, elution buffer, and binding buffer. In general, all methods injected
between 0.5-5 mL of the human plasma (typically diluted 1:10) at flow rates between 5-25 mL/min.
In a typical method, the column was first equilibrated with 2.5 mL of binding buffer, and then the
sample was injected. After a washing step with 10.0 mL of binding buffer to remove loosely bound
components, IgG was eluted with 3.0 mL of elution buffer (pH 2.3). Finally, the column was re-
equilibrated with 8.0 mL binding buffer back to a pH of 7.4.

Pressure characterization of the system
In order to determine the maximum pressure limits, the column was connected directly to the FPLC
pump to avoid any back-pressure from the system itself. A solution of 20 % ethanol was flushed
through the column with 1 mL/min, and the flow rate was then increased by 1 mL/min every 12
seconds until the maximum system flow rate of 25 mL/min was reached.

Determination of the monolith capacity (IgG on Protein A)
This experiment was performed on the FPLC system. From a stock solution of the therapeutic
antibody Avastin (25 mg/mL), several dilutions were prepared (0/2/4/6/8/10 mg/mL). For each run,
500 pL was injected with a flow rate of 5 mL/min, and the peak areas of the resulting elution peaks
were compared (UV, 280 nm).

Reversal of flow direction (counterflow)
This experiment was also performed on the FPLC system at a flow rate of 5 mL/min. 1 mL of human
plasma (diluted 1:20 in binding buffer) was injected, and the bound antibodies were eluted in the
normal flow direction (up-flow) with elution buffer (pH 2.3). Eventually, the same run was
performed, but with a reversed elution direction (counterflow).

Examination of the dynamic capacity
This experiment was performed on the HPLC system. Human plasma was diluted 1:2 in binding
buffer, and 10 uL were injected. The flow rates of each run were varied between 0.33 and 5 mL/min.
The flow-rate corrected areas of each elution peak were compared. This experiment used only a
fraction of the total column binding capacity.

Repeatability test (100 cycles)
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This experiment was performed on the HPLC system. Human plasma was diluted 1:10 in binding
buffer. A method was programmed, which injected 80 pL of plasma solution at 5 mL/min. This
method was run 100 times successively without human intervention.

Productivity test (Amount of purified 1gG per hour)
This experiment was performed on the FPLC system. It was determined how much IgG from human
plasma could be collected within one hour with each column at their respective maximum flow rates.
Each column was connected to the FPLC, and the standard protocol was performed. For the monolith,
a flow rate of 25 mL/min was chosen, which is also the maximum flow rate of the system (run
duration of 0.7 min). The compared column from GE was limited to a flow rate of 4 mL/min (run
duration 13 min). The IgG yield of each run was calculated by comparing the area of the elution peaks
with a calibration line from calibration experiments and extrapolated up to one hour for each column.

Comparison of the capacity of VitraPOR 4 and VitraPOR 5 columns
This experiment was performed on the FPLC system. As a sample, 500 pL Adalimumab (Humira®,
from Evidentic, Berlin) with a concentration of 10 mg/mL was injected with a flow rate of 5 mL/min
on a VitraPOR 4 (pore size 10-16 pm) and a VitraPOR 5 (pore size 1-1.6 um) column. The IgG yield
of each run was calculated by comparing the area of the elution peaks with a calibration line from
calibration experiments.

Determination of IgG purity

The chromatography was performed on the FPLC system and the following SDS-PAGE on a Hoefer
SE260 with gels from Serva (SERVAGel™ TG PRIME™ 4 - 12 %, 43273.01).

Human plasma was diluted 1:10 in binding buffer, and 2 mL were injected on the FPLC with a run
flow rate of 10 mL/min. The binding and elution peaks were fractionated, and the latter neutralized
with 1 pL of NaOH (1 M) per 100 uL eluate. Of each fraction, 100 puL were used for the SDS-PAGE
characterization. The rest of the obtained elution fraction was reinjected and run with the same
method. Again, both peaks were collected, some aliquots were stored, and the elution fraction was
injected again. Eventually, six samples were obtained: Three binding and three elution fractions. The
three elution fractions were each diluted to a total volume of 2 mL with binding buffer. The three
elution fractions and the first binding fraction were examined on a NanoPhotometer NP 80 (Implen)
to estimate their IgG concentration, using its integrated method for human IgG. In total, 2 pL of the
sample were used for the absorbance measurement at 280 nm.

For SDS-PAGE analysis, human plasma was diluted 1:100 in binding buffer. The flow-through
fraction was diluted 1:10 in binding buffer. The three elution fractions were adjusted to the same IgG
concentration based on NanoPhotometer determinations. Of all samples, 18 pL were taken and each
supplemented with 6 pL of 4x loading buffer (non-reducing), mixed, and heated to 95 °C in a
ThermoMixer C (Eppendorf, 5382000015) for 10 minutes. The samples were mixed again, and
subsequently, 10 pL of each sample was loaded onto the gel, which was run with 400 mL of SDS
running buffer in a fridge at 4 °C. Run times: 15 minutes at 70 V + 60 minutes at 180 V + 10 minutes
at 200 V. The following silver staining protocol was applied to visualize protein bands: The gel was
washed twice in water for 5 minutes each. Afterward, the gel was incubated in sodium thiosulfate
Na:5203 (1.3 mM) for 1 minute and then washed with water for 10 seconds. The gel was then
transferred into a staining container containing freshly prepared AgNO:s (5.9 mM) and incubated for
30 minutes. The gel was washed twice with water for 10 seconds each and then incubated for 10
seconds with sodium carbonate Na2COs (236 mM). In the next step, the gel was incubated in a solution
of Na:COs (236 mM) and formaldehyde (2.5 mM) for 10 minutes. After the completed staining, the
gel was washed twice with water and then incubated in Na2EDTA (50 mM) for 20 minutes. Finally,
the gel was washed twice with water, and a photograph of the final gel was taken.

Calibration curve of IgG
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The experiment was performed on the FPLC without a column connected. On each run, 500 pL of
different concentrations of bovine y-globulin (0/0.2/1.0/2/4/6/8/10/20 mg/mL) was injected at a flow
rate of 5 mL/min. The obtained peak areas were compared, and a calibration line with a linear
regression equation was prepared.

Determination of the limit of detection (LOD) for human IgG
This experiment was performed on the HPLC system. A series of Avastin solutions (0/0.5/1/1.5
pg/mL) were prepared from the stock solution, and 100 pL of each solution was injected with a flow
rate of 5 mL/min. Each sample was injected 10 times for statistical evaluation.

The maximum concentration of IgG in the eluate

This experiment was performed on the FPLC system. Human plasma was diluted 1:5 in binding
buffer, and 4 mL was injected onto the column with a flow rate of 5 mL/min. The elution peak was
fractionated in 150 pL fractions and neutralized with 1 uL of NaOH (1 M) per 1 mL eluate. A
calibration solution of y-globulin from bovine in binding buffer (0/0.1/0.2/0.3/0.4/0.5 mg/mL) was
diluted from a stock solution. The calibration samples and each FPLC fraction were examined on a
UV/VIS-photometer at 280 nm (Evolution 220 from Thermo Fisher). A calibration line was created to
determine the concentration of each fraction.

3. Results

3.1. Pressure tests

First of all, the flow characteristics and pressure resistance were determined to prove the leak-free
gluing of the raw cylinder into the metal tubing. In Fig. 5, the system pressure in relation to an
increasing flow rate is shown. A strictly linear relationship was obtained. Considering the relatively
small particles of the sintered monolith, the back-pressure is surprisingly low. This can be
attributed to the irregular shape of the glass particles (Fig. 1), which leads to a relatively high void

volume of 48% (VitraPOR5, according to the manufacturer), which is much higher in relation to an
ideal packing of spheres (26%).

40
30 P

20+

Column pressure (bar)

10 -

0 5 10 15 20 25
Flow rate (mL/min)

Fig. 5: The system pressure of a VitraPOR 5 column with an increasing flow rate. Due to the flow
restrictions of the pump, the upper pressure resistance could not be determined yet. The maximum
pressure of 38 bar (550 psi) was tested successfully.


https://doi.org/10.20944/preprints202103.0298.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2021 d0i:10.20944/preprints202103.0298.v1

3.2. Determination of the monolith capacity (IgG on Protein A)

The capacity was estimated by injection of increasing amounts of human IgG. In Fig. 6 the amount
of injected IgG was increased stepwise until 5 mg were reached. Up to about 3 mg, the peak area
increased proportionally. Saturation was achieved at about 5 mg of injected IgG.
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Fig. 6: Saturation curve of the VitraPOR 5 monolith coated with protein A. Increasing elution area
in relation to the amount of injected antibody Avastin. It can be seen that about 3 mg of IgG can be
bound by the column in a linear way. Based on a linear calibration, a total capacity of about 4 mg
IgG per column was determined.

3.3. Reversal of flow direction

It is well-known that a reversed elution direction might reduce peak broadening. In Fig. 7, the
sharper elution could be confirmed. Based on these results, the reversed elution direction was
defined as the standard protocol. However, it should be considered that in cases when the column
is completely saturated, this effect cannot be expected. We also observed this in our experiments
(results not shown). Another advantage of the reversed elution direction is the partial removal of
debris or other particles, which might clog the monolith after some time. On the other hand, these
particles might end up in the final product, which might be unwanted.
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Fig. 7 Effect of a reversed elution on a VitraPOR 5 column. To optimize the peak shape of the eluted
product, a reversed elution was tested in comparison to the normal elution in the usual flow
direction (red curve). A significant improvement (green curve) of the elution peak can be noticed.

3.4. Examination of the dynamic capacity

In this experiment, the effect of different flow rates was examined (Fig. 8). It could be shown that
there is no difference in the corrected areas. This underlines the very good binding kinetics, which is
due to the lack of any internal pore volume. As a consequence, these monoliths can be used at high
flow rates without compromising their performance. This contrasts with many gel-based materials,
which display poor binding kinetics and at high speeds even have the possibility of their destruction
if their pressure limit is exceeded.
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Fig. 8 Examination of the dynamic capacity for IgG of a VitraPOR 5 column. The area of the elution
peak was determined in relation to the flow rate. The area was corrected for the different flows.

3.5. Repeatability test (100 cycles)

In order to show the long-term stability of the system, an experiment with 100 repetitions of an IgG
determination from human plasma was performed (Fig. 9). This shows that the affinity column is
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stable even when real samples are used. The extraordinary reproducibility improves the practical
application since no manual intervention is necessary as the lifetime of such a column seems to be
very long, and hence, no column exchange is required. In addition, the running costs of such a system
are reduced compared to other known systems, which often can be used only very few times, and
sometimes even any reuse is discouraged from the manufacturer.

k

0.25 0.50 0.75 1.00 1.25 1.50
t (min)

Absorbance at 280 nm (mAU)

Fig. 9 Representation of 100 extraction/elution cycles of the VitraPOR 5 column. This graph shows
an overlay of 100 subsequent runs of an IgG determination from human plasma. Not even a

minimal decay of the performance can be noticed. This also means that the cost of the column per
run is extremely low.

3.6. Productivity test (Amount of purified IgG per hour)

In this experiment, we tried to compare the productivity of a system based on a glass monolith to a
standard system with a Sephadex column (Fig. 10). Due to the low back-pressure, the high-pressure
resistance, and the excellent binding kinetics, the monolith system is much faster, requiring only 0.7
minutes for a run compared to the Sephadex system with 13 minutes. Even considering the lower
absolute capacity of the monolith, this system can purify about 250 mg IgG per hour, in contrast to

80 mg per hour in the Sephadex system, which is a productivity gain of 300%, if the column volume
is considered.
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Fig. 10 Comparison of a standard Sephadex-based system with the glass monolith. Due to the very
fast separation speed, a productivity gain of 300% (250 mg/hour) can be achieved with the monolith.
Please note the very different time scales of the separations. The standard column had a total volume
of 1 mL, the monolith around 0.75 mL.

3.7. Comparison of VitraPOR 4 and VitraPOR 5 columns

VitraPOR 4 and VitraPOR 5 are materials made of the same raw material but are manufactured from
different particle sizes. VitraPOR 4 is specified with a pore size of 10-16 pum, a void volume of 42%,
and an inner surface of 0.5 m?/g. VitraPOR 5 is specified with 1-1.6 um, a void volume of 48%, and
an inner surface of 1.75 m?/g. The different surface areas influence the maximum capacity of the
columns. This effect was examined in the subsequent experiment.
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Fig. 11 IgG capacity of the column materials VitraPOR 4 and VitraPOR 5. In both experiments, the
same amount of immunoglobulin was injected (5 mg). It can be seen that in the case of the coarser
material, a higher void peak and a lower elution peak are obtained in relation to the fine material.
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For VitraPOR 4, a capacity of 0.7 mg IgG (0.93 mg/mL), and for VitraPOR 5, a capacity of 4.1 mg
IgG (5.5 mg/mL) was determined, which is a factor of about 6.

3.8. Determination of I1gG purity

Although the purity of the isolated IgG is not only dependent on the stationary phase in a separation
system, this property was examined to show that non-specific adsorption is not an issue of this
system. The purity was determined by SDS-PAGE and highly sensitive silver staining, which would
identify impurities in a semi-quantitative way. No additional bands could be identified (Fig. 12).
Furthermore, the isolated IgG from human plasma was reinjected onto the protein A column. Any
non-specific impurities would lead to a significant void peak (Fig. 13).

240 kDa
140 kDa

100 kDa
70 kDa
50 kDa

35 kDa

25 kDa
20kDa W

Fig. 12 SDS-PAGE analysis of the IgG eluates of the protein A column in three subsequent runs
(purification and two reinjections). Lane 1: Size standards, Lane 2: Raw plasma, Lane 3: Flow-through peak of
raw plasma injection, Lane 4: Flow-through peak (reinjection 1), Lane 5: Flow-through peak (reinjection 2),
Lane 6: IgG eluate of raw plasma injection, Lane 7: IgG eluate after first reinjection, Lane 8: IgG eluate after
second reinjection. The first passage shows nearly all concomitant proteins from the human plasma in the void
peak (Lane 3). Nearly all IgG was removed from the plasma (150 kDa). In the second and third passages, only
low amounts of protein could be detected in the void peaks. The purity of the product peak (human IgG) seems
to be very similar in all three runs (Lanes 6, 7, 8). Lane 9: Binding buffer as a blank.
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Fig. 13 The purity of the isolated human IgG was examined by two reinjections of the first passage (UV
absorbance detection, 280 nm). The area of the void peak (retention time around 2.5 min) in relation to the
product peak (retention time around 15 min) revealed a content of 20.6 % of IgG (raw human plasma), 96.1%
in the first isolation step, and 98.7% after a polishing step performed by reinjection.

3.9. Calibration curve of IgG

One of the most obvious applications of this monolithic column may be the fast determination
of the IgG content of a sample. Such experiments can be performed by an FPLC or an HPLC system.
The calibration curve in Fig. 14 was performed on a low-pressure liquid chromatography system.
This experiment is much faster than an ELISA, which might be considered as an alternative, as long
as only a few samples are to be examined. Here, bovine y-globulin was used in a concentration range
between 0 and 20 mg/mL. Direct injection of the protein without a column was used for calibration.
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Fig. 14 Calibration line for the quantification of IgG. Different concentrations of bovine IgG were injected
directly into the system without a column. There is a linear dependency of the peak area, and the amount of IgG
injected.
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3.10. Enrichment effect

In many cases, an additional step needs to be performed after the IgG elution to achieve a
sufficient product concentration. This enrichment step might be unnecessary when monolithic
columns are used due to the very narrow peak shape. A concentration of up to 7.5 mg/mL was
achieved directly (Fig. 15). For most applications, this should be adequate.
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Fig. 15 IgG concentrations were obtained directly by fractionation without an enrichment step.

4. Discussion

In this paper, a novel monolithic support is presented, which was tested with affinity separations
of IgG from human plasma. This monolithic material, based on sintered borosilicate glass 3.3, has
shown excellent kinetic properties and pressure resistance. Due to the very economical production
and long lifetime, this affinity material seems to be an attractive alternative to more expensive and
less robust stationary phases. Surface chemistry based on organosilanes [18,19] opens up
innumerable options for ligand immobilization and surface modification. Protein A [20-22] as a
binder was examined as a model system. The excellent commercial availability of the raw monoliths
and the application of 3D printing for the column holder make this approach feasible for many
laboratories. Mainly the automated small-scale purification of antibodies (0.1-10 mg) or the
quantitative determination of IgG from complex samples seems to be a preferential application of
this system. Due to the very good stability of these columns, they may be used for years without the
need for replacement. The development and production of monolithic columns from large plates of
sintered materials, not only borosilicate glass but also metal powders, polymers or ceramics, might
be a superior way to manufacture monoliths with excellent homogeneity and low cost. This might
overcome the limited availability and market share of monolithic separation systems. Finally, similar
monoliths might be useful not only in separation science but also for biosensors [23], sample clean-
up, online immunocapture applications [24,25], monolithic bed enzyme reactors [26], or other
biochemical and biotechnological applications, such as adherent cell culture.
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S1: title, Video SI.: title.
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