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HEMA/MMA/EDMA (2-hydroxyethyl methacrylate/methyl methacrylate/ethyleneglycol methacrylate)
copolymer beads have been synthesized for use in aqueous SEC. This porous chromatographic support consisted
of a large average particle size (250 wm) and contained macropores with a median pore size of approximately
880 A. The material was packed in glass and stainless columns to assess their chromatographic performance.
The packed columns were calibrated using narrow molecular weight (MW) distribution standards (dextran) and
exhibited a range of molecular weight separation between 40,000 and 2,000,000 daltons. The packing material
showed the ability to separate large molecules through the size exclusion mechanism.
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1. Introduction

Since synthetic macroporous beads made of rigid organic ma-
terials such as polystyrene cross-linked with divinylbenzene were
introduced by Moore' in 1964, they have become widely employed
in SEC due to their mechanical strength and chemical stability?.
However, they possess hydrophobic characteristics that hinder their
use in aqueous medium for hydrophilic SEC.

Ideally, SEC requires a hydrophilic support, which can be a silica
material or a synthetic polymer. Silica-based packing materials are
not as chemically stable as polymers gels, and polymer gels are not
as efficient as silica’. Most synthetic packings based on hydrophilic
materials are obtained by linking the functionalities directly onto the
core of the beads or via a short spacer.

There have been numerous attempts at overcoming multiple syn-
thetic steps, improving polymer efficiency and designing new porous
material by using different polymerization methods, monomer composi-
tions, solvents, initiators, etc*. The copolymerization of HEMA/MMA/
EDMA using different porogen (dodecanol, DOD) concentrations has
been described in an effort to obtain hydrophilic packing materials
the synthesis of porous beads. These polymer particles revealed great
porosity, as well as, chemical and mechanical resistance.

Following the manufacture of a sorbent material, it must be
packed into a column and characterized through a calibration curve
with narrow molecular weight reference standards. Calibration is
performed for the relative SEC methodology so that the statistical
average molecular weights (Mw = weight average molecular weight;
Mn = number average molecular weight) and the MW distribution
of the macromolecule sample can be determined. Absolute measure-
ments without the need of a calibration are possible with the use of
either an on-line light scattering detector or an on-line viscometer
with universal calibration®. Pure and narrow MW dispersity (Mw/
Mn = 1) are used as SEC calibration standards. Common macromol-
ecules utilized for calibration purposes are for example polystyrene
(non-aqueous SEC), polyethylene glycol (PEG), polyethylene oxide
(PEO), polyacrylamide and dextrans (aqueous SEC). The calibration
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equation, generally defined by Y = - b X + a, describes the curve. The
dependent variable, column retention volume, is represented in the X
axis and the independent variable, standard MW, is represented in the
Y axis for better visualization. The linear portion of the curve is the
effective separation range of the SEC columns. High column selectiv-
ity is determined by the columns’ narrow pore size distribution, high
degree of homogeneity and the low slope of the calibration curve®.
Calibration graphs with a small slope (shallow curve) will indicate
high selectivity but in a rather limited working range, i.e., the column
will resolve molecules of similar size. Steeper and larger calibration
slopes are less selective, however they reach a wider range of MW
separation’. In addition, deviations from linearity can occur and be
indicative of non-specific interactions, unusual shapes of molecule
or multimodal pore size distribution.

This work reports the chromatographic performance of beads
prepared with 20% DOD and 10% EDMA as described earlier®. The
beads were produced using the molar ratio of monomers (HEMA:
MMA) to cross-linker (EDMA) of 1:1.30:0.19. The Scanning Electron
Microscopy (SEM) characterized particles presented a median pore
size of 880 A and a total pore volume of 74 x 10° mL/g measured
by Mercury Intrusion Porosimetry (MIP).

2. Materials and Methods

2.1. HEMA/MMA/EDMA beads preparation

The synthesis and characterization of the HEMA/MMA/EDMA
beads (2-hydroxyethyl methacrylate/methyl methacrylate/ethyl-
eneglycol methacrylate copolymer) have been described elsewhere?®.
Briefly, a free radical suspension polymerization in the presence of an
aqueous medium containing the inorganic gel medium, magnesium
hydroxide, prepared in situ resulted in spherical particles. Dodecanol
(DOD) was used as a porogen solvent. The polymerization was carried
out at 70 °C and an agitation rate of 250 rpm in the presence of 2,
2, azobis-2-methylpropionitrile (AIBN) as initiator. The beads were
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collected via vacuum filtration through fiberglass filter (9 mm) and
dried in the vacuum oven overnight (75 cm Hg, 60 °C). Simple extrac-
tion (SE, 3 x 400 mL, 30 minutes, magnetic agitation) and Soxhlet
extraction (SOX, 400 mL, 17 to 24 hours, 65 °C) of HEMA/MMA/
EDMA beads were proceeded to eliminate organics and prepare for
aqueous packing. Soxhlet extraction was carried for all batches of
beads previously extracted by simple extraction.

2.2. SEC using the packed HEMA/MMA/EDMA material

2.2.1. HEMA/MMA/EDMA beads packing

The beads were suspended in water and acetonitrile and the
material was sedimented several times to eliminate fine particles.
The SEC columns were prepared using a concentrated aqueous
slurry suspension (32.5% w/v) of the beads and packed in a glass
column (50 x 1.5 cm i.d.) under low pressure using a constant ve-
locity peristaltic pump (Cole Parmer, Vernon Hills, PA). A DSF122
reciprocating plunger pump (Haskel Engineering, Burbank, CA) was
also employed to pack a stainless steel column (300 X 4.6 mm i.d.)
using medium pressure (1345 psi). At least 5 column volumes were
collected for each column during the packing process. SEM pictures
of the post-packed particles were also evaluated.

2.2.2. Calibration of HEMA/MMA/EDMA packed columns

A series of dextran standards, in this work, designated as dex-
tran standards A (MW 2,000,000, MW 600,000, MW 170,000, MW
75,000, MW 40,000 and MW 10,000), obtained from Polysciences,
Inc., (Warrington, PA) was used to calibrate the SEC columns.
Non-standards Dextran series, available from Aldrich Chemical Co.
Inc. (Milwaukee, WI), were designated as B (MW 5-40,000,000;
2,000,000, MW 473,000, MW 76,000, MW 43,000 and MWO
10,000). Each dextran series was injected in duplicate and the average
of the elution volume peak was reported. Polysaccharides samples,
Xanthan Gum/XAG (MW > 1,000,000), Sodium Alginic Acid/SAG
(MW 120,000-190,000), Agarose/AGA (MW not defined), and
proteins samples, Bovine Serum Albumin/BSA (MW 66,000), Oval-
bumin/OVA (MW 44,000) and Cytochrome C/CYT (MW 12,375)
obtained from Sigma Chemicals (St. Louis, MO) were used to test the
calibrated columns. Aqueous mobile phases were 0.1% w/v sodium
azide in water for the polysaccharides, and 0.01 M phosphate buffer
solution (PBS) pH 6.5 and 0.01 M TRIS buffer pH 8.0 containing
0.02 M or 0.2 M sodium sulfate for the proteins, at 1 mL/min or
0.3 mL/min flow rate with refractive index (RI) detection. Glucose
was used as the column marker for the HEMA/MMA/EDMA packing
material to evaluate the mobile phase volume (Vm).

All chemicals were used without further purification.

2.3. Methods

A Spectra-Physics Liquid Chromatograph P100 (Thermo Separa-
tion Products, San Jose, CA) with a manual injection loop valve of
20 or 100 pL and isocratic mobile phase elution at room temperature
was employed. Detection was accomplished with either an RID-6A
Refractive Index Detector (Shimadzu Corp., Kyoto, Japan) or a UV-100
Spectra-Physics ultraviolet detector (UV) connected in series and at-
tached to a Recordall Series 5000 register (Fisher Scientific, Fair Lawn,
NJ) with 0.25 cm/min chart speed (s) and 10 or 100 mV attenuation.
The packed columns were initially equilibrated with deionized, distilled
water at an adjusted flow rate (f) and prior to use in SEC.

3. Results and Discussion

The chromatographic assays were conducted with the HEMA:
MMA:EDMA copolymer beads (molar ratio 1:1.30:0.19) prepared
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using 20% w/w dodecanol as the porogen. During their preparation,
it was observed that the solvent extraction procedure on the beads
played an important role in the exposure and efficiency of the pores.
It is worth noting that the efficiency of Soxhlet method used to
extract the porogen and synthesis by-products from the beads was
superior when compared to a simple extraction alone®. Therefore,
in the absence of undesirable organic substances the beads could
be adequately dried and the material prepared for use in SEC.
Figures 1a and 1b show the SEM pictures of the simple extraction
and the Soxhlet extraction of HEMA/MMA/EDMA beads prepared
with 20% dodecanol, respectively. The particles size approximated
250 um. The median pore size and total pore volume were 880 A
and 74 x 10 mL/g, respectively, as indicated by Mercury Intrusion
Porosimetry (MIP) analyses®!°.

SEM pictures of beads, previously submitted to packing in a
stainless steel column, were evaluated to search for beads collapse.
This would indicate the resistance of the beads under medium pres-
sure (1345 psi) in the stainless steel column packing. No cracked
beads or fragments were found in this investigation, proving that the
cross-linked beads were mechanically resistant and the assessment

(b)

Figure 1. a) SEM photograph of copolymerized HEMA/MMA/EDMA beads,
with addition of 20% porogen solvent, DOD, and 10% EDMA after simple
extraction (SE, X640, scale bar 10 um); b) after Soxhlet extraction, (SOX,
X10000, scale bar 1 wm)
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of the chromatography experiment could proceed.

In the SEC separation profile of the HEMA/MMA/EDMA pack-
ing material, it was expected that the peaks come out broad and short,
due to the large pores and particle size of the packed beads. These
results were confirmed by the chromatograms shown in Figures 2a
to 2f. The overlay peaks of 6 dextran standards A, (MW 2,000,000;
MW 600,000; MW 170,000; MW 75,000; MW 40,000; and MW
10,000), were not distinct and were superimposed over a long length
of baseline. However, there appears to be a size exclusion separation
process occurring in which the higher MW is eluted first out of the
column and the lower MW macromolecule is the last to elute. Glucose
(Figure 2g) was used as the column marker, showing total inclusion
in the pores. The column can distinguish and separate very large MW
compounds from low MW compounds. The HEMA/MMA/EDMA
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Figure 2. Representative chromatograms of Dextran standards A,
a) MW 2,000,000; b) 600,000; ¢) 170,000; d) 75,000; e) 40,000; f) 10,0005
2) glucose injected in the HEMA/MMA/EDMA packed glass column (50 X
1.5 cm), using deionized distilled water as mobile phase, 1.0 mL/min flow
rate, RI detector, 100 uL and 10 mV register attenuation.
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material packed in the glass column can accommodate a very large
quantity of sample (100-1000 uL), and this feature itself is very
attractive for preparative use. The HEMA/MMA/EDMA packed
stainless steel column showed that the dextran separations could not
be as well distinguished (Figure not shown) as they were in the glass
packed columns. Even though using a lower flow rate in the stainless
steel column (0.3 mL/min) than in the glass column (1.0 mL/min) the
solute elution was not distinct because the macromolecules needed
more column time and length for interaction.

The chromatographic results of the dextran standards A,
(MW 2,000,000; MW 600,000; MW 170,000; MW 75,000; MW
40,000 and MW 10,000), injected in the HEMA/MMA/EDMA
packed glass and steel columns, are presented in Table 1. Calibration
data for dextran standards A and non-standards B are shown in Ta-
ble 2. Both glass and steel columns yielded the same linear MW range
(MW 2,000,000-40,000) using either one dextran series (A or B).

HEMA/MMA/EDMA copolymer calibration curve is shown in
Figure 3. Figure 3a shows the linear relationship of the logarithm
of dextran reference standard MW (independent variable, though
represented in the Y axis) vs. the retention factor, k (dependent vari-
able, represented in the X axis). The linear portion of the curve is
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Figure 3. a) MW calibration curve of Dextran standards A in respect to reten-
tion factor, k; b) the effective column volume separation range, of Dextran
standards A injected in the HEMA/MMA/EDMA glass (A) and stainless
steel (O0) columns.
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Table 1. SEC retention parameters of dextran standards A using HEMA/MMA/EDMA packing material in the glass and stainless steel columns.

Compound Dextran Standards A Glucose
Molecular Weight (MW) 2,000,000 600,000 170,000 75,000 40,000 10,000 180
Molecular Weight Disper-
sity (Mw/Mn)® 11.2 1.5 2.0 1.6 1.6 1.5 -
Glass Column
f;;e““on Distance (Rd, 8.05 8.60 8.90 9.50 9.75 10.10 10.25
Elit)f““"“ Volume (Ve, 32.20 34.40 35.60 38.00 39.00 40.40 41.00
% Column Volume! 39.00 41.00 43.00 46.00 47.00 49.00 49.00
Retention Factor (k) 0 0.25 0.39 0.66 0.77 0.93 1.00
Separation Factor (o) 1.55 1.71 1.17 1.21 1.07
Column Volume Parameters Vo 322 Vim 410 Vi 3.8
(mL)

Steel Column

Retention Distance (cm) 1.73 1.80 1.85 1.90 1.95 1.95 1.98
iit)e““o“ Volume® (Ve, 2.07 2.16 222 228 234 234 237
% Column Volume* 41 43 44 46 47 47 47
Retention Factor (k) 0 0.30 0.50 0.70 0.90 0.90 1.00
Separation Factor (o) 1.67 1.40 1.29 1.00 1.11
Column Volume Parameters Vo 207 Vi 237 Vi 030

(mL)

a: Chromatographic conditions in deionized, distilled water at room temperature, glass (50 X 1.5 cm, 1.5 mL/min) and steel (300 X 4.6 mm, 0.3 mL/min)
column with RI detection; chart speed (s) 0.25 cm/min; b: Reported by manufacturer; c: Average of two determinations; d: Total column volume 83 mL; e:

Total column volume 5 mL.

Table 2. Calibration curves parameters (Y = -b LogX + a) for dextrans using HEMA/MMA/EDMA packed glass and stainless steel columns.

Parameters Slope, b (se)®

Intercept, a (se)®

Linearity, r Linear MW range

Dextran standards A
Glass Column - 0.2660 (0.02)
Stainless Steel Column -6.5203 (0.39)
Dextran non-standards B
Glass Column -0.4877 (0.01)

Stainless Steel Column -6.8820 (0.71)

14.8660 (0.71) 0.9895 2,000,000-40,000
19.7933 (0.85) 0.9948 2,000,000-40,000
24.1719 (0.56) 0.9991 2,000,000-43,000
21.0634 (1.62) 0.9895 2,000,000-43,000

a: 95% confidence level; b: (se): standard error; r: correlation coefficient.

the effective range of separation. Figure 3b demonstrates the column
linear window for separation of dextran macromolecules. The effec-
tive range, in fact is very narrow, thus, this column is best for the
separation of macromolecules with distinct MW.

Figure 4 shows the injection of the polysaccharides Xanthan Gum/
XAG (MW >1,000,000), Sodium Alginic Acid/SAG (MW 120,000-
190,000) and Agarose/AGA (MW not defined), in the HEMA/MMA/
EDMA packed glass column (50 x 1.5 cm). The peaks were broad
and revealed a shoulder for both XAG and SAG injections. Size
exclusion appeared to be the mechanism involved in this elution, as
the larger macromolecule eluted first. The AGA polysaccharide was
observed to have a relatively longer retention in the HEMA/MMA/
EDMA packed glass column using 0.1% w/v aqueous sodium azide
as mobile phase at 1.5 mL/min. Separate injections of XAG and SAG
samples, yielded two peaks for each injection. The major peaks of
each polysaccharide were distinct with different retention volumes.
The minor peaks exhibited retention volumes similar to the AGA peak
injected in the same column. The presence of the minor peak in the
XAG and SAG chromatograms may have been caused by interactions
of diverse functional groups of the solute molecules and the column

hydrophilic hydroxyl functional groups. The HEMA/MMA/EDMA
packing material column did not show a distinctive elution profile for
the polysaccharides injected in the stainless steel column (Figure 5),
as well as shown for the column calibration. Chromatographic separa-
tions therefore, were not performed on this column.

Figure 6 shows the injection of the proteins BSA, OVA and CYT
in the HEMA/MMA/EDMA packed glass column. Although this
column provided a high theoretical plate number count for glucose, as
seen in its calibration with dextrans, the same effect was not evident
with the injection of commonly used proteins. The BSA and OVA
proteins displayed an inverted elution order with high retention vol-
umes in the long glass column. It is important to emphasize that the
HEMA/MMA/EDMA material was expected to have some degree
of hydrophobicity because it was made with MMA and EDMA,
hydrophobic monomers used to control pore size and cross-link the
polymer, respectively.

According to Smigol et al."!" BSA and OVA have a similar hy-
drophobicity relative to CYT, in which BSA shows a slightly higher
value (0.24) compared to OVA (0.23). However, this difference may
be too small to be imparting sorptive interactions which affect the elu-
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tion mechanism of BSA. The early elution of OVA may be attributed
to other factors. For example, electrostatic forces may be involved.
OVA has an isoelectric point (pI 4.6) lower than BSA (pI 5.0). In the
pH of the mobile phase (6.5) the OVA will have a preponderance of
negative charges relative to BSA resulting in repulsive interactions
causing the OVA to elute faster.

Several investigators have tried to diminish the electrostatic in-
teractions of proteins with the matrix by changing the ionic strength,
the pH or the dielectric constant of the mobile phase. Using a polymer
based column (Toyopearl ® HWS55F), Germershausen and Karkas'?
have found that high ionic strength may affect low MW compounds
(for instance, Cytochrome C, MW 12,500) towards the reduction of
retention time more than high MW compounds (e.g., thyroglobulin,
MW 670,000 or aldolase, MW 158,000). In a similar study using the
same matrix, Inouye'? investigated the addition of 0.3-0.5 M NaCl
in the mobile phase (0.25 M TRIS-HCI buffer, pH 7.5). The results
showed a diminished retardation of all proteins with pl higher than 7.5,
however, the elution order did not reflect a size exclusion mechanism.
The author suggests that electrostatic forces are involved between
the proteins and the gel matrix. It is worthwhile to mention that low
temperatures (5-10 °C) were used in that study. Nevertheless, it is dif-
ficult to explain the protein elution behavior based upon electrostatic
and hydrophobic forces alone'. Potschka'* and Pujar and Zydney'
state that an increase of the ionic strength would reduce the electric
double layer of the protein compressing it, whilst a low ionic strength
would increase the double layer, increasing the hydrodynamic size
and therefore reducing the retention volume. Potschka'* however,
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Figure 4. Representative chromatograms of polysaccharides XAG, SAG and
AGA aqueous solution injected in the HEMA/MMA/EDMA packed glass
columns (50 x 1.5 cm), using 0.1% w/v aqueous sodium azide as mobile phase,
1.5 mL/min flow rate, RI detector and 10 mV register attenuation.
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limits the factors that govern polyelectrolyte macromolecules only
to microporous matrices.
In an attempt to investigate protein behavior in the HEMA/MMA/
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Figure 5. Representative chromatograms of polysaccharides XAG, SAG and
AGA aqueous solution injected in the HEMA/MMA/EDMA packed stainless
steel columns (300 X 4.6 mm), using 0.1% w/v aqueous sodium azide as mobile
phase, 0.3 mL/min flow rate, RI detector and 100 mV register attenuation.
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Figure 6. Representative chromatograms of polypeptides samples BSA, OVA,
CYT, the 4:1 ratio OVA:CYT mixture and the 1:1 ratio OVA:CYT mixture
injected in the HEMA/MMA/EDMA packed glass column (50 X 1.5 cm), using
0.01 M PBS containing 0.2 M sodium sulfate, pH 6.5 as mobile phase, 1.5 mL/
min flow rate, UV (280 nm) detector and 100 mV register attenuation.

EDMA column, the ionic strength and pH of the mobile phase were
modified. In the mobile phase 0.01 M PBS pH 6.5 containing sodium
sulfate, high (0.2 M, Figure 6) and low (0.002 M, Figure not shown)
ionic strength were tested. The results using low ionic strength
indicated no change in the elution profile of BSA and OVA when
compared to the phase with high ionic strength. In fact, not only the
elution order of BSA/OVA was inverted, but also CYT was much
retarded as in the low ionic strength (0.02 M) 0.01 M PBS pH 6.5
phase. This non-ideal behavior due to interaction with the support
must be eliminated in order to estimate MW

The proteins in a pH 8.0 mobile phase were then tested with
0.01 M TRIS-HCI containing a low concentration of sodium sulfate
(0.002 M). BSA and OVA elution order was not inverted. Actually,
both proteins presented the same elution volume (Figure 7). This
confirms that electrostatic repulsive forces were the major cause of
the inverted elution profile in the 0.01 M PBS pH 6.5 mobile phase.
On the other hand, the large size of pores in HEMA/MMA/EDMA
may very well be the major determinant of the non-adherence to a size
exclusion mechanism for these polypeptides (lower MW) compared
to the polypeptides of higher MW.

Column Volume (mL)

Figure 7. Representative chromatograms of polypeptides samples BSA,
OVA, and CYT injected in the HEMA/MMA/EDMA packed glass column
(50 x 1.5 ¢cm), using 0.01 M TRIS-HCI containing 0.002 M sodium sulfate,
pH 8.0 as mobile phase, 1.5 mL/min flow rate, UV (280 nm) detector and
10 mV register attenuation.

4. Conclusion

The separation profile of macromolecules was demonstrated
by the use of a hydrophilic synthetic packing material (copolymer
HEMA/MMA/EDMA). Polysaccharides samples of high molecular
weight can be separated by the size exclusion mechanism with the
use of an appropriate mobile phase. Further studies to clarify and
demonstrate the potential of the developed material for the separa-
tion of polypeptides of much higher molecular weights have been
carried on.
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