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1. Introduction

TOYOPEARL MX-Trp-650M represents a mixed-mode resin 
produced by Tosoh Bioscience, which uses tryptophan as the 
active ligand.1,2 As tryptophan contains carboxyl and indole 
groups, MX-Trp-650M mediates both cation exchange and 
hydrophobic interactions. pH and salt concentrations are the 
primary factors influencing protein binding and separation 
on MX-Trp-650M. At a given salt concentration, the binding 
capacity of MX-Trp-650M greatly depends on pH. Under a 
moderate conductivity (~12 mS/cm), the highest dynamic 
binding capacity (DBC) is observed between pH 4.3 and 4.7, 
reaching approximately 90 mg/mL when tested with human 
immunoglobulin G.2 DBC decreases sharply as pH increases 
to above 4.7 (e.g., ~30 mg/mL at pH 5.0).2 MX-Trp-650M is 
capable of separating the two monospecific homodimers from 
the target heterodimer when employed to purify a bispecific 
κλ-body.3 Specifically, under the selected loading conditions, 
mono λ did not bind, whereas the target κλ-body and mono 
κ bound with different strengths and were sequentially 
eluted under 75 mM and 500 mM sodium chloride (NaCl), 
respectively. In addition, MX-Trp-650M has been utilized 
to separate intact insulin-like growth factor-1 (IGF-1) from 
disulfide-scrambled IGF-1 oligomers.4 These two studies 
demonstrated that MX-Trp-650M had excellent selectivity.

As mixed-mode resins combine at least two distinct 
interaction modes (e.g., electrostatic and hydrophobic 
interactions), they normally show improved selectivity and 
aggregate separation capability. For example, both Capto 
MMC ImpRes and Capto adhere, two mixed-mode resins 
from Cytiva, have demonstrated strong aggregate separation 
capabilities.5-11 MX-Trp-650M shares some similar features 
with Capto MMC ImpRes, and both resins’ ligands contain 
carboxyl and aromatic groups. Interestingly, despite their 
similarity and the wide application of Capto MMC for 
aggregate removal, reports on the application of MX-Trp-
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650M for aggregate clearance are scarce. In a study by 
Tosoh Bioscience,12 an mAb sample containing 17% of 
aggregates was processed using an MX-Trp-650M column. 
The sample was loaded at pH 4.0 in the presence of 200 mM 
NaCl. Increasing NaCl concentration to 500 mM failed to 
elute the protein, and a pH gradient from 4.0 to 12.0 in the 
presence of 200 mM NaCl resulted in a single elution peak 
without resolution. Effective separation of aggregates from 
monomers was only attained when a pH change (from 4.0 to 
5.6) was accompanied by a simultaneous NaCl gradient (from 
200 to 400 mM). In another report, a pH-salt dual gradient 
was also applied when MX-Trp-650M was used to remove 
aggregates.13

Recently, our attempt using Capto MMC ImpRes as the 
first post-Protein A polishing step on an aggregation-prone 
antibody for aggregate clearance resulted in a suboptimal 
aggregate reduction. This partial success prompted us to 
try the MX-Trp-650M. While the previously recommended 
pH-salt dual gradient elution did not accomplish effective 
aggregate separation, salt or pH mono gradient elution 
allowed for good separation of aggregates from monomers. 
The observations made in the current study, in combination 
with data from previous studies, not only confirm that MX-
Trp-650M is a valuable tool for aggregate clearance but also 
suggest that conditions for effective separation can vary 
substantially among different cases.

2. Materials and methods

2.1. Materials

Ethanol, glycerol, sodium acetate trihydrate, and NaCl were 
purchased from Merck (Germany). Acetic acid was procured 
from J.T. Baker (USA). Sodium hydroxide was from Hunan 
Erkang (China). 30% acrylamide and potassium hydroxide 
came from Sigma-Aldrich (USA). β-alanine was bought 
from Accela ChemBio (China). Ammonium persulfate (APS) 
was purchased from Shanghai Hushi Chemical (China). 
N,N,N’,N’-tetramethylethylenediamine (TEMED) and 
methyl green were products from Sangon Biotech (China). 
eStain LG staining and destaining solutions were purchased 
from GenScript (China). Capto MMC ImpRes resin and 
Superdex 200 were made by Cytiva (Sweden). TOYOPEARL 
MX-Trp-650M resin and TSKgel G3000SWxl stainless 
steel column (7.8 × 300 mm) were obtained from Tosoh 
(Japan). The 96-well filter plate with a 0.45 μm polyether 
sulfone membrane was from Pall (USA). The target antibody 
(isoelectric point: 7.4) used in this study was expressed in 
stably transfected CHO-K1 cells grown in home-made culture 
medium supplemented with Cytiva HyClone Cell Boost 7a 
and 7b (Sweden). The cells were cultivated for 14 days before 
harvest.

2.2. Equipment

An AKTA pure 150 system installed with Unicorn software 
version 7.8 (Cytiva, Sweden) was used for Capto MMC 
ImpRes and MX-Trp-650M column chromatography. A Tecan 
Freedom EVO 200 (Tecan, Switzerland) was employed for 
measurement of partition coefficient (Kp). Measurements of 
pH and conductivity were performed using a SevenExcellence 
S470 pH/conductivity meter (Mettler-Toledo, USA). 
Protein concentration was measured on a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, USA). An Agilent 
1260 liquid chromatography instrument (Agilent Technologies, 
USA) was used for size-exclusion chromatography-high-
performance liquid chromatography (SEC-HPLC). A bioreactor 
system from Applikon Biotechnology (the Netherlands) was 
utilized for cell cultivation.

2.3. Capto MMC ImpRes chromatography

Capto MMC ImpRes resin was packed into a column with a 
diameter of 0.5 cm and a bed height of 14.7 cm. The column 
volume (CV) was approximately 2.9 mL. As the first polishing 
step post capture, the column was loaded with Protein A eluate 
(pH adjusted to 5.5) at 30 mg of protein per mL of resin. 
After loading, the column was washed with 50 mM sodium 
acetate-acetic acid (NaAc-HAc), pH 5.5. Subsequently, the 
column was eluted under a linear salt gradient (A: 50 mM 
NaAc-HAc, pH 5.5; B: 50 mM NaAc-HAc, 0.5 M NaCl, 
pH 5.5; 0 – 100% B over 20 CV). The flow rate was set at 
176 cm/h (residence time: 5 min).

2.4. TOYOPEARL MX-Trp-650M chromatography

MX-Trp-650M was packed into a column with a diameter 
of 0.5 cm and a bed height of 15.0 cm. The CV was roughly 
2.9 mL. To assess MX-Trp-650M’s potential as an alternative 
to Capto MMC ImpRes for aggregate separation, the column 
was loaded with the same Protein A eluate at pH 4.5 in 
the presence of 150 mM NaCl (loading density: 30 mg of 
protein per mL of resin). After loading, the column was 
washed with 100 mM NaAc-HAc, 150 mM NaCl, pH 4.5. 
Initially, the column was eluted under a linear pH-salt dual 
gradient (A: 100 mM NaAc-HAc, 150 mM NaCl, pH 4.5; 
B: 100 mM NaAc-HAc, 350 mM NaCl, pH 6.0; 0 – 100% 
B over 20 CV). After observing that the linear pH-salt dual 
gradient failed to provide effective aggregate separation, we 
tried linear salt gradient elution (A: 100 mM NaAc-HAc, 
150 mM NaCl, pH 4.5; B: 100 mM NaAc-HAc, 350 mM 
NaCl, pH 4.5; 0 – 100% B over 20 CV), which provided good 
aggregate clearance. Next, a stepwise salt gradient elution 
(100 mM NaAc-HAc, 320 mM NaCl, pH 4.5) was developed 
based on the linear gradient result. In addition, linear and 
stepwise pH gradient elutions (A: 100 mM NaAc-HAc, 150 
mM NaCl, pH 4.5, B: 100 mM NaAc-HAc, 150 mM NaCl, 

2 Journal of Biological Methods  | Volume X | Issue X |



Zhang, et al.� MX-Trp-650M�effectively�removes�antibody�aggregates

pH 5.3; 0 – 100% B over 20 CV and 100 mM NaAc-HAc, 
150 mM NaCl, pH 5.1, respectively) were also developed. 
For all runs, the system was run at a flow rate of 180 cm/h 
(residence time: 5 min).

2.5. Preparative size-exclusion chromatography

To obtain monomers and aggregates for the Kp measurement, 
preparative SEC was performed using a Superdex 200 column 
(inner diameter: 5.0 cm, bed height: 87.7 cm, CV: ~1722 mL). 
The column was equilibrated with 50 mM Tris-HAc, 150 mM 
NaCl, pH 7.4, for 1.5 CV and then loaded with materials pre-
purified by Protein A affinity chromatography to a volume of 
about 5.8% of the CV. After loading, the column was washed 
with the equilibration buffer for 1.5 CV. For all steps, the 
column was run at a flow rate of 15 cm/h.

2.6. Partition coefficient measurement for monomer 
and aggregates

Partition coefficient, defined as the ratio of resin-bound protein 
to free protein in solution at equilibrium, was used to evaluate 
the binding strength of monomer and aggregates to MX-Trp-
650M and Capto MMC ImpRes under various conditions. 
Experiments were conducted on an automated liquid handling 
system (Tecan Freedom EVO 200) with a 96-well filter 
plate, where each well was loaded with 20 μL of resin and 
equilibrated with buffers at predetermined pHs (4.5 and 5.5 
for MX-Trp-650M and Capto MMC ImpRes, respectively) 
and NaCl concentrations (i.e., 200, 250, 300, 350, 400 mM 
for MX-Trp-650M, and 200, 300, 400, 500, 600 mM for Capto 
MMC ImpRes). SEC prepared monomers, adjusted to the 
corresponding pH and NaCl concentration (to a final protein 
concentration of 1.0 mg/mL), were added at 5 mg protein 
per mL of resin (100 μL per well), followed by agitation at 
1,300 rpm for 30 min. After incubation, the supernatant was 
analyzed in terms of ultraviolet (UV) absorbance at 280 nm 
to determine the concentration of unbound protein. For each 
selected condition, Kp measurement was conducted in duplicate.

2.7. SEC-HPLC

SEC-HPLC was performed using a TSKgel G3000SWxl 
column (7.8 × 300 mm) from Tosoh Bioscience, Japan. The 
mobile phase was 50 mM sodium phosphate buffer (pH 6.8) 
containing 300 mM NaCl. 100 μg of sample was injected 
per run, and elution was conducted isocratically at a flow 
rate of 1.0 mL/min. Protein was monitored in terms of UV 
absorbance at 280 nm.

2.8. Acidic native gel electrophoresis

Acidic native (non-denaturing) gel electrophoresis, serving as 
a complementary tool to SEC-HPLC for monitoring antibody 

aggregates, was performed using home-cast gels consisting of 
stacking and resolving portions. The stacking gel (3.0%) was 
prepared by mixing 0.2 mL of 30% acrylamide, 0.5 mL of 4X 
stacking gel buffer (240 mM KOH, 238 mM HAc, pH 6.8), 
1.28 mL of purified water, 20 μL of 10% APS, and 2 μL of 
TEMED. The resolving gel (10.0%) was made by combining 
1.67 mL of 30% acrylamide, 1.25 mL of 4X resolving gel 
buffer (240 mM KOH, 726 mM HAc, pH 4.3), 1.15 mL of 
50% glycerol, 0.88 mL of purified water, 50 μL of 10% APS, 
and 5 μL of TEMED. For sample analysis, 2 μg of protein was 
mixed with 5X loading buffer (36% w/w glycerol, 26% w/w 
4X stacking buffer, and 0.5% w/w methyl green) and purified 
water to dilute the loading buffer to a final concentration of 
1X. Electrophoresis was conducted at 180 V for 3 h by using 
a running buffer containing 350 mM β-alanine and 133 mM 
acetic acid (pH 4.3). Since the target antibody is positively 
charged under acidic conditions and migrates toward the 
cathode, it is critical to reverse the polarity of the leads to 
avoid sample loss. Upon completion of the electrophoresis, 
the gel was stained and destained with eStain LG solutions 
(GenScript) according to the manufacturer’s instructions.

3. Results and discussion

3.1. Notable but suboptimal aggregate clearance using 
Capto MMC ImpRes

Capto MMC ImpRes is a mixed-mode resin from Cytiva, and 
its ligand contains both cation exchange and hydrophobic 
moieties.14-16 In several previous studies, we demonstrated 
that Capto MMC ImpRes is a powerful tool for aggregate 
clearance.5-7 Recently, we found that the aggregates in 
Protein A eluate accounted for 15.3% of the total mass 
during the purification of an aggregation-prone antibody, as 
indicated by SEC-HPLC analysis. Therefore, the aggregates 
need to be reduced to an acceptable level by polishing steps. 
Based on previous successful experience with Capto MMC 
ImpRes in removing aggregates, this resin was initially 
selected for post-Protein A polishing. The bound antibody 
was eluted under linear salt gradient elution, and the 
chromatogram is shown in Figure 1A. The elution profile 
contains split peaks. Further analysis suggests that peak 
splitting is due to the existence of glycosylation isoforms 
(data not shown). Reduction of aggregates in the eluate 
was indicated by native gel analysis of relevant fractions 
(Figure 1A). SEC-HPLC analysis of a sample aliquot from 
the entire elution pool indicated that aggregate content was 
lowered to 6.6% (Figure 1B). Although there was a notable 
reduction of aggregates, the results were still suboptimal, 
as previous studies utilizing Capto MMC ImpRes managed 
to reduce aggregate content to a much lower level, with a 
similar level of aggregates in the feed.5-7
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3.2. Limited resolution between monomers and 
aggregates under linear pH-salt dual gradient elution 
using MX-Trp-650M

We next evaluated MX-Trp-650M as an alternative to 
Capto MMC ImpRes for post-Protein A polishing using the 
same feed material (i.e., Protein A eluate containing 15.3% 
of aggregates). As prior studies suggested that effective 
separation of monomers from aggregates by MX-Trp-650M 
was only achieved under pH-salt dual gradient elution, we 
first tested an elution condition comparable to that used 
in the previous report (i.e., a pH increase from 4.5 to 6.0 
accompanied by a salt concentration increase from 150 to 
350 mM over 20 CV). The chromatogram of this run is shown 
in Figure 2. The profile contains a single elution peak and a 
tiny strip peak, suggesting that the separation of monomers 
from aggregates is unlikely. Poor aggregate separation was 

confirmed by SEC-HPLC analysis of the elution pool sample, 
which indicated that the elution pool contained 14.6% of 
aggregates (profile not shown).

3.3. Effective separation of monomers from aggregates 
under salt or pH mono gradient elution using MX-Trp-
650M

In the dual gradient elution, changes in pH and salt 
concentration both promoted protein elution. It was suspected 
that this condition was too strong to obtain a good resolution 
between monomers and aggregates. Therefore, we tested 
linear salt mono gradient elution (from 150 to 350 mM) 
under a defined pH (i.e., 4.5). The chromatogram of this run 
is shown in Figure 3A. The profile is remarkably different 
from that obtained under the pH-salt dual gradient elution. In 
particular, the profile contains a large strip peak, indicating 

Figure 1. Capto MMC ImpRes run data obtained under linear salt gradient elution. (A) Capto MMC ImpRes chromatogram of a run conducted under 
linear salt gradient elution. The load material was Protein A eluate, which contained 15.3% of aggregates. (B) SEC-HPLC profile of a sample aliquot 
from the Capto MMC ImpRes elution pool. The percentages of monomer and aggregates are labeled.
Notes: Inset: Native gel analysis of relevant fractions. L: Load material; Lanes 1 – 3: Elution fractions 1 – 3; S: Strip. Bands corresponding to monomeric 
and aggregated antibodies are indicated. The main elution fraction contained two bands, which likely represent glycosylation isoforms, the same reason 
that led to peak splitting. 
Abbreviation: SEC-HPLC: Size-exclusion chromatography-high-performance liquid chromatography.

A

B
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Figure 2. MX-Trp-650M chromatogram of a run conducted under linear pH-salt dual gradient elution. The load material was Protein A eluate, which 
contained 15.3% of aggregates.

Figure 3. MX-Trp-650M run data obtained under linear salt gradient elution. (A) MX-Trp-650M chromatogram of a run conducted under linear salt 
gradient elution. The load material was the same as that used for the run conducted under pH-salt dual gradient elution. (B) SEC-HPLC profile of a 
sample aliquot from the MX-Trp-650M elution pool. The percentages of monomer and aggregates are labeled.
Note: Inset: Native gel analysis of relevant fractions. L: Load material; E: Elution pool; S: Strip. Bands corresponding to monomeric and aggregated 
antibodies are indicated. Abbreviation: SEC-HPLC: Size-exclusion chromatography-high-performance liquid chromatography.

A

B
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the separation of aggregates. Effective aggregate removal 
under this condition was confirmed by native gel and SEC-
HPLC of relevant fractions and a sample aliquot of the elution 
pool, respectively (Figures 3A and B). The SEC-HPLC 
data indicated that aggregate content in the elution pool 
was reduced to 3.7%. The step yield of this run was 74.7% 
(monomer recovery: ~85.0%). In comparison to Capto MMC 
ImpRes, MX-Trp-650M not only provided better aggregate 
clearance but also avoided peak splitting.

As the data suggested, under linear salt gradient elution, 
aggregates were well separated from monomers and were 
mainly found in the strip. This facilitated the development 
of stepwise salt gradient elution (320 mM NaCl, pH 4.5). 
The chromatogram of the run conducted under the stepwise 
salt gradient elution is shown in Figure 4A. Both native 
gel and SEC-HPLC analysis of the MX-Trp-650M eluate 
indicated that a good aggregate clearance was maintained 

(Figures 4A and B). Specifically, aggregate content was 
reduced to 6.3%. In addition, under the stepwise salt gradient 
elution, the MX-Trp-650M step yield was 74.2% (monomer 
recovery: ~82.2%). Thus, under stepwise gradient elution, 
both purity and yield are inferior to those obtained under 
linear gradient elution. This is not surprising as linear gradient 
elution generally provides a better resolution than its stepwise 
counterpart.

Encouraged by the promising separation achieved by 
MX-Trp-650M under salt gradient elution, we further tested 
pH gradient elution under a defined salt concentration (i.e., 
150 mM NaCl). The chromatograms obtained under linear and 
stepwise pH gradient (pH 4.5 – 5.3 and pH 5.1, respectively) 
elution are shown in Figures 5A and B, respectively. 
According to the SEC-HPLC data of the corresponding elution 
pool, aggregate content was lowered to 4.5% and 4.8% under 
these two conditions, respectively (Figures 5A and B). The 
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Figure 4. MX-Trp-650M run data obtained under stepwise salt gradient elution. (A) MX-Trp-650M chromatogram of a run conducted under stepwise 
salt gradient elution. The load material was the same as that used for the run conducted under linear salt gradient elution. (B) SEC-HPLC profile of a 
sample aliquot from the MX-Trp-650M elution pool. The percentages of monomer and aggregates are labeled.
Note: Inset: Native gel analysis of relevant fractions. L: Load material; E: Elution pool; S: Strip. Bands corresponding to monomeric and aggregated 
antibodies are indicated. Abbreviation: SEC-HPLC: Size-exclusion chromatography-high-performance liquid chromatography.
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step yields under these two conditions were 75.1% and 69.5%, 
and the corresponding monomer recoveries were ~85.0% and 
~78.2%, respectively. Overall, pH gradient elution provides 
results comparable to those obtained under salt gradient 
elution (the lower percentage of aggregates seen under 
stepwise pH gradient was obtained at the sacrifice of yield).

3.4. Further comparison between MX-Trp-650M and 
Capto MMC ImpRes

While the ligands of MX-Trp-650M and Capto MMC ImpRes 
both carry carboxylic acid and a hydrophobic moiety, the 
aromatic groups in their hydrophobic moieties are indole 
and benzyl, respectively. Therefore, they are different in 
their hydrophobic nature. In addition, while MX-Trp-650M 
achieves high DBC within a narrow pH range (i.e., 4.3 – 4.7), 
Capto MMC ImpRes shows good DBC over a wide pH range 
(i.e., 5.0 – 8.0).2,14-16 In this case, the measured DBC for MX-
Trp-650M and Capto MMC ImpRes under their favourable 

pHs (4.5 and 5.5, respectively) are 71 mg/mL and 69 mg/mL, 
respectively. The aforementioned difference between these 
two resins may contribute to their unique performances under 
linear salt gradient elution observed in the current study, which 
are similar but distinct.

For mixed-mode media that mediate cation exchange 
and hydrophobic interactions, conductivity gradient elution 
is more frequently utilized than pH gradient elution. In 
addition, the separation potential of a given medium under 
a specific condition can be estimated in terms of the ratio of 
Kp of the two species that are intended to be separated.17-19 
Thus, to further compare the potential of MX-Trp-650M and 
Capto MMC ImpRes for aggregate separation, we separately 
measured the Kp for monomer and aggregates at different salt 
concentrations using each resin under their favorable pHs (4.5 
and 5.5, respectively). The plots are shown in Figure 6. For 
both resins under each salt concentration tested, the separation 
factor, defined as the ratio between Kp-aggregates and Kp-
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Figure 5. MX-Trp-650M chromatograms of runs conducted under linear pH and stepwise pH gradient elution. (A) Linear pH. (B) Stepwise pH gradient 
elution. The load material was the same as that used for runs conducted under salt gradient elution.
Note: Inset: SEC-HPLC profile of a sample aliquot from the corresponding MX-Trp-650M elution pool. The percentages of monomer and aggregates 
are labeled. Abbreviation: SEC-HPLC: Size-exclusion chromatography-high-performance liquid chromatography.
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monomer,17-19 was calculated. The values are listed in the 
table within the corresponding plot (Figure 6). A larger ratio 
is indicative of better separation potential. For both resins, the 
largest separation factor was obtained under 400 mM NaCl 
(3.10 and 3.35 for MX-Trp-650M and Capto MMC ImpRes, 
respectively). The Kp ratios suggest that these two mixed-
mode resins possess similar aggregate separation potential. 
However, the Kp data indicate that both the monomer and 
aggregates exhibit stronger binding to MX-Trp-650M 
compared to Capto MMC ImpRes, a difference that may 
slightly enhance the separation of these two species by the 
former resin.

4. Conclusion

Aggregate removal is a common challenge facing the 
downstream processing of recombinant antibodies. In general, 
aggregate removal relies on post-capture polishing steps, 
and mixed-mode resins are more powerful than traditional 
single-mode resins in this regard.5-11 In the current study, 
we demonstrated that the MX-Trp-650M column could 
significantly reduce aggregates when used as the first 
polishing step post-Protein A capture (remaining aggregates 
could be further reduced to an acceptable level by the second 
polishing step). Interestingly, effective aggregate removal was 
achieved under salt or pH mono gradient elution rather than 
pH-salt dual-gradient elution, which was recommended by all 
previous studies. Additionally, in the current study, MX-Trp-

650M performed better than Capto MMC ImpRes, a similar 
mixed-mode resin known for its strong aggregate separation 
capability. Data from the current and previous studies 
suggest that, for a given mixed-mode resin, the condition for 
effective aggregate separation can vary remarkably across 
different molecules. For a given molecule, the performance of 
similar mixed-mode resins can vary. As multiple distinct but 
interacting interactions are involved in binding mediated by 
a mixed-mode resin, it is not surprising that a small change/
difference can result in appreciably different outcomes. Thus, 
to find the best mixed-mode resin for separation and harness 
the full potential of each mixed-mode resin, it is highly 
recommended to systematically screen different resins under 
various conditions, and the screening can be performed using 
high-throughput approaches.9,17,18,20,21
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