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A B S T R A C T

Systematic development of a temperature-controlled isocratic process for one-column low-salt hydrophobic
interaction chromatography (HIC) of proteins employing a travelling cooling zone reactor (TCZR) system, is
described. Batch binding and confocal scanning microscopy were employed to define process conditions for
temperature-reversible binding of bovine serum albumin (BSA) which were validated in pulse-response tem-
perature switching HIC experiments, before transferring to TCZR-HIC. A thin-walled stainless-steel column
mounted with a movable assembly of copper blocks and Peltier elements (travelling cooling zone, TCZ) was used
for TCZR-HIC. In pulse-response TCZR-HIC, 12 TCZ movements along the column desorbed 86.3% of the applied
BSA monomers in 95.3% purity depleted >6-fold in 2–4 mers and nearly 260-fold in higher molecular weight
(HMW) species. For continuous TCZR-HIC, the TCZ was moved 49–58 times during uninterrupted loading of BSA
feeds at 0.25, 0.5 or 1 mg⋅mL-1. Each TCZ movement generated a sharp symmetrical elution peak. In the best
case, (condition 1: 0.25 mg⋅mL-1 BSA; >17 mg BSA applied per mL of bed) the height of TCZ elution peaks
approached pseudo-steady midway through the loading phase with no rise in baseline UV280 signal between
peaks. Peak composition remained constant averaging 94.4% monomer, 5.6% 2–4 mers and <0.05% HMW.
Monomers were recovered in quantitative yield depleted >3.1 fold in 2–4 mers and 92-fold in HMW species cf.
the feed (63.6% monomers, 21.8% 2–4 mers, 14.6% HMW). However, increasing the BSA concentration to 1
mg⋅mL-1 (condition 2) or employing a fouled HIC column with 0.5 mg⋅mL-1 BSA (condition 3) compromised
monomer purification performance.

1. Introduction

Chromatographic operations are indispensable in the downstream
processing of biotherapeutics, but their sustainability is coming under
increasing scrutiny [1-3]. Adsorption chromatography can be hugely
expensive. Traditionally employed approaches exacerbate these costs,
and importantly exhibit poor green credentials. Batchwise
single-column operation, for example, is characterised by low produc-
tivity, excessive buffer and water consumption and associated levels of
waste for disposal post-manufacture [4-9]. Such concerns drive the

bioprocess industry’s growing interest in continuous manufacture [10].
Newer continuous chromatography formats promise significant and
well-documented benefits cf. batch chromatography, namely increased
capacity/resin productivity and process efficiency, lower operational
costs, improved scalability, smaller physical footprints and reduced
water consumption and environmental impact [3,4,6,7,10-18]. The
transition from batch to continuous chromatography is currently hin-
dered by the latter’s greater complexity [13,16]. However, a rarely
mentioned core problem is that large volumes of different buffers are
employed during the sub-steps (equilibrating, washing, eluting,
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cleaning) with each generating waste. Solutions to this issue should
improve the greenness and sustainability of chromatographic operations
employed for biotherapeutics manufacture [5,19].

Hydrophobic interaction chromatography (HIC) is powerful and
gentle technique for intermediate purification and polishing chroma-
tography of proteins, [20-28] nucleic acids [21,29,30] and viruses [21,
31-33]. However, its reliance on very high concentrations of kosmo-
tropic salts (e.g., ammonium sulphate) typically employed to promote
binding [20,34-37] creates problems that escalate at manufacturing
scales. These include: (i) the costs associated with intermediate sample
preparation steps that may be required to reduce the salt concentration
before the next process step; [38] (ii) ammonium sulphate is highly
corrosive to stainless steel equipment; [39,40] and that (iii) large
amounts of salts, especially ammonium sulphate and potassium phos-
phate, pose serious environmental concerns that render their disposal in
municipal waste water very expensive [41].

An obvious solution to the above is to employ suitable replacements
for kosmotropic salts. Gagnon [38] proposed glycine, but other additives
[42] also invite attention. Further options are to eradicate [40,43] or
minimize [44,45] the reliance of HIC on high concentrations of kos-
motropic salts. In the specific case of monoclonal antibodies (mAbs) the
triad combination of ‘no-salt HIC, very hydrophobic stationary phases
and flow through operation’ represents an attractive option for selective
removal of more hydrophobic aggregates from less hydrophobic mAbs;
prior optimisation of mobile phase pH is required in each case [40,43].
Müller and Franzreb [45] described a novel and potentially generic
solution for intermediate purification by low-salt HIC which involved
using temperature to control adsorption-desorption equilibria.

The general effects of temperature on HIC are well known, i.e., high
temperatures enhance binding and lower temperatures undermine it,
promoting desorption [46-49]. It is somewhat surprising therefore that
there are very few reports on the practical use of temperature modula-
tion in HIC to switch between binding and elution states [50-52]. For
example, Muca and coworkers [51] employed step changes in temper-
ature and salt concentration to fractionate a multicomponent protein
mix of bovine serum albumin (BSA), α-chymotrypsinogen, lysozyme and
myoglobin, while Müller and Franzreb’s [45] study aimed to use tem-
perature in combination with low salt concentrations to reduce process
costs and address the sustainability and green failings of HIC as it is
currently practiced. Their approach involved: (i) screening the effect of
temperature (10–40 ◦C) in low ammonium sulphate concentrations
(0.1–0.5 M) on protein adsorption of BSA to HIC media; (ii) deriving
Langmuir and thermodynamic parameters to identify the HIC matrix
and ammonium sulphate concentration showing the strongest temper-
ature influence; (iii) performing back-to-back multicycle
temperature-driven adsorption-desorption runs in a column under iso-
cratic conditions; and (iv) demonstrating that ‘temperature only’
mediated fractionation of protein mixtures at low salt concentration is
possible.

Looking to the long-term future of bioprocess scale adsorption

chromatography we introduced single-column continuous chromatog-
raphy formats operated under isocratic conditions [5,19,53]. In these
systems stainless-steel columns are mounted with travelling Peltier de-
vices which transiently cool [5,53] or heat [19] defined regions or zones
of the contained adsorbent bed as they migrate along the length of the
column (note, no change in buffer composition is required). In this way
discrete ‘local’ changes in bed temperature are used to control adsorp-
tion–desorption equilibria; in the standard case, driving elution of
bound species from the support into the mobile phase, and exiting the
column once the Peltier device passes the column exit [5,19,53]. This
allows for uninterrupted loading of feedstock protein to the column,
whilst simultaneously moving the cooling/heating zone along it in
repeated fashion. In past demonstrations we employed: (i) thermores-
ponsive cation exchange media in a travelling cooling zone reactor
(TCZR) system for continuous fractionation of a binary mixture of the
proteins bovine serum albumin (BSA) and bovine lactoferrin; [53] and
(ii) a commercially available thermoresponsive rProtein A matrix in a
travelling heating zone reactor (THZR) system for three different
monoclonal antibody (mAb) downstream processing applications, i.e.,
continuous mAb concentration, quasi-continuous mAb purification and
quasi-continuous buffer exchange [19].

In this work we extend the repertoire of travelling cooling systems to
HIC of proteins in low-salt buffers building on previous work by Müller
and Franzreb [45] employing BSA and Butyl Sepharose 4 Fast Flow.
Specifically, we describe batch binding experiments allied with confocal
laser scanning microscopy (CLSM) to confirm optimal conditions for
trialling low-salt HIC processes that employ ‘cooling only’ to effect
elution, test the separation concept in pulse-response HIC experiments
before transferring to batch and continuous TCZR-HIC to purify BSA
monomers from larger and more hydrophobic forms.

2. Materials and methods

2.1. Materials

Butyl Sepharose™ 4 Fast Flow media (Table 1), Superdex 200 In-
crease, 300/10 GL size exclusion column, Gel Filtration Cal Kit High
Molecular Weight, Blue Dextran 2000, and single-use PD-10 desalting
columns packed with Sephadex G-25 were obtained from Cytiva UK Ltd
(Little Chalfont, Bucks, UK). Bovine serum albumin (BSA, Cat. no.
A7906, lyophilized powder, ≥98% by agarose gel electrophoresis) was
acquired from Merck KGaA (Darmstadt, Germany) and used without
further purification. Other chemicals supplied by Merck included the
following: ammonium sulphate (Cat. No. A4418, ≥99% purity), diso-
dium hydrogen phosphate (Cat No. S0876, ≥99%), sodium bicarbonate
(Cat. No. S8875, ≥99.5%), sodium chloride (Cat. No. S/3120/63,
>99.5%), Oxoid™ Phosphate Buffered Saline (PBS) tablets (Cat. No.
BR0014G, >99%), sodium hydroxide (Cat. No. S0845, anhydrous
≥98%), hydrochloric acid (Cat. No 320,331, ACS reagent, 37%), abso-
lute ethanol (Cat. No. E/0650DF/17, >99.8%), and acetone (Cat. No.

Table 1
Langmuir parameters for experiments shown in Fig. 1.

Batch Lot number (ligand density) Φ ( ◦C) qmax

(mg⋅mL-1)
Kd
(mg⋅mL-1)

R2 qmax/Kd (-) kʹΦ (-) ΔqΦ

(mg⋅mL-1)

A 10,281,131
(44 μmol⋅mL-1)

10 4.84 ± 0.65 5.88 ± 1.53 0.97 0.82 8.67 2.2
21 4.95 ± 0.46 2.70 ± 0.58 0.96 1.83
40 7.04 ± 0.47 0.99 ± 0.25 0.94 7.11

B 10,309,247
(47 μmol⋅mL-1)

10 4.40 ± 0.60 5.03 ± 1.22 0.98 0.87 10.16 2.7
21 6.35 ± 0.77 3.30 ± 0.70 0.99 1.92
40 6.72 ± 0.44 0.76 ± 0.20 0.93 8.84

C 10,317,570
(50 μmol⋅mL-1)

10 5.67 ± 1.20 4.35 ± 1.51 0.98 1.30 6.97 1.1
21 5.06 ± 0.50 2.65 ± 0.61 0.98 1.91
40 6.52 ± 0.40 0.72 ± 0.19 0.93 9.06

Müller & Franzreb (2012) Unspecified 10 4.1 5.0 – 0.82 10.78 2.7
25 4.7 1.67 – 2.82
40 6.8 0.77 – 8.84
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270,725, HPLC grade, ≥99.9%). Invitrogen™ Alexa Fluor™ 647 NHS
Ester (Succinimidyl Ester) (Cat. No. A20006) and Invitrogen™ anhy-
drous DMSO (Cat. No D12345) for fluorophore tagging of BSA were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). All
buffers and solutions were freshly made with purified water from a
Sartorius arium® advance EDI Pure Water System (Sartorius AG,
Göttingen, Germany), adjusted to the desired pH using 1 MNaOH or 1 M
HCl and Fisherbrand accumet XL200 pH and conductivity metre (Fischer
Scientific UK, Loughborough, Leics, UK), filtered through 0.22-µm pore
MF-Millipore™ membrane filters (Fischer Scientific), and degassed for
chromatography experiments.

2.2. Batch adsorption experiments

In batch binding tests, 125 µL portions of 40% (v/v) slurries Butyl 4
Sepharose Fast Flow matrices, previously equilibrated with 50 mM so-
dium phosphate buffer, pH 7.5 variously supplemented with ammonium
sulphate (hereafter abbreviated to AS), were mixed with 125 µL aliquots
of varying initial BSA concentration made up in the same buffer) and
incubated at 10, 21, or 40 ◦C with shaking at 1100 rpm in an Eppendorf
Thermomixer comfort shaker (Eppendorf SE, Hamburg, Germany) for 1
h. After an additional 0.5 h at the selected temperature without shaking,
adsorbent particles were sedimented by pulse centrifugation (2000 g, 30
s) in a VWRministar centrifuge (Radnor, PA, USA), and the supernatants
were carefully removed and analysed for residual protein content
(Section 2.7). The equilibrium BSA loadings on supports (q*) were
computed from the differences in initial (c0) and equilibrium (c*) bulk
phase protein concentrations, and where appropriate the resulting q* vs.
c* data were fitted to the simple Langmuir model (Eq. (1)):

q∗ =
qmaxc∗

KD + c∗
(1)

where q* and c* represent the equilibrium concentrations of adsorbed
and liquid-phase protein respectively; qmax is the maximum protein
binding capacity of the support; and KD is the dissociation constant. Data
were fitted to the model using the χ2 minimization procedure of Ori-
ginPro® 2022 software (OriginLab Corporation, Northampton, MA,
USA).

2.3. Preparation of dye conjugated BSA

BSA was fluorescently labelled with Alexa Fluor 647, an amine-
reactive dye selected for its resistance to quenching at high degrees of
labelling and to photobleaching, [54] using the manufacturers’ recom-
mended protocol. Dye-labelled BSA conjugates were separated from
unreacted dye by SEC using PD-10 columns. Fractions containing both
dye and protein were pooled, analysed (Section 2.7) and employed in
CLSM studies (Section 2.4).

2.4. Confocal laser scanning microscopy (CSLM)

CSLM was used to observe combined influences of AS concentration
and temperature on distribution of BSA in Butyl Sepharose 4 Fast Flow
beads. Portions (125 μL) of a 40% (v/v slurry) of Butyl Sepharose™ 4
Fast Flow (Batch B) pre-equilibrated for 1 h in 50 mM sodium phosphate
buffer pH 7.5 supplemented with 0.3 – 1.5 M AS were incubated with a
125 μL aliquots of 8 mg⋅mL-1 protein solutions (comprising a 1:100 mix
of dye-conjugated BSA to native unlabelled BSA) in the same buffers in
screw-capped vials protected from light at Φ = 10, 21 and 40 ◦C. After
1.5 h of mixing at 1100 rpm in a Thermomixer (Eppendorf SE, Hamburg,
Germany), the supports were recovered from solution by low-speed
pulse centrifugation (2000 g, 10 s) in a Mini Star Silverline microfuge
(VWR International, Lutterworth, Leics, UK), washed (3 × 200 μL) and
re-suspended in 0.5 mL of the same binding buffer at the binding tem-
perature. Aliquots (20 μL) of the support slurries were pipetted onto

microscope slides, covered with a coverslip, and analysed with a Zeiss
LSM 780 microscope using an LD LCI Plan-NEOFLUAR 25 × /0.8 oil-
immersion objective (Carl-Zeiss Microscopy GmbH, Jena, Germany).
The samples were excited with the system’s helium/neon 633 nm laser
line (gain = 500, 2% laser power) and images were captured with ZEN
2.1 software (Carl-Zeiss Microscopy GmbH, Jena, Germany), and then
processed (Section 2.7).

2.5. Pulse-response HIC experiments

The effect of temperature on elution under binding conditions (50
mM sodium phosphate pH 7.5 supplemented with 0.5 M AS) was eval-
uated by a pulse-response chromatography using Tricorn™ 5/50 col-
umns (Cytiva, Marlborough, MA, USA) containing 1 mL beds of Butyl
Sepharose 4 Fast Flow ‘Batch B’ connected to an ÄKTAprime plus system
(GE Healthcare, Uppsala, Sweden). BSA pulses (2 mg in 0.50 mL) were
applied to equilibrated columns submerged in a Techne TE-10A circu-
lating water bath (Thermo Fisher Scientific, Waltham, MA, USA) held at
Φ = 40 ◦C. After washing with at ~4 CV of binding buffer at the same
temperature, columns were either stripped with 20% (v/v) ethanol at Φ
= 40 ◦C or transferred to an iced-water cooling bath (maintained at Φ =

10 ◦C) to trigger elution before stripping with 20% (v/v) ethanol at Φ =

10 ◦C. Flow leaving the columns was continuously conductivity and UV
absorbance at 280 nm. The temperatures of the water and iced-water
baths were continuously logged (Elitech RC-5+, Elitech Technology
Inc., San Jose, CA, USA) during experiments and remained constant.

2.6. TCZR chromatography experiments

2.6.1. Basic set-up
A brief description of the TCZR set-up is given below. For more detail

the reader is referred to our previous studies [5,53]. The TCZR system
comprises: (i) an insulated temperature-controlled cabinet; (ii) a verti-
cally aligned stainless steel column (internal diameter= 6 mm, length=

360 mm); and (iii) the column mounted travelling cooling zone (TCZ)
arrangement, which surrounds a discrete zone of the column. The walls
of the column are only 1 mm thick to ensure rapid and homogenous
radial heat transfer. With PTFE capped stainless steel adaptors inserted
into both ends of the column the internal volume for accommodating the
stationary phase can be reduced to 2.83 mL (length= 100mm). The TCZ
is a ‘Club sandwich-like’ arrangement of three copper blocks and two
Peltier elements (Type TB-109-1,4-1,5CH, Kryotherm, St, Petersburg,
Russia), flanked top and bottom by aluminium heatsink blocks. By
attaching the TCZ to a linear motorized axis (Festo AG, Munich, Ger-
many) controlled by dedicated PC based software (Festo Configuration
Tool, FCT) it can be moved along the column in either direction at a
velocity of 0.1 to 40 mm⋅s-1. The Peltier elements of the TCZ are con-
nected to a MTTC-1410 thermoelectric temperature controller (Laird
Thermal Systems, Morrisville, NC). The temperatures of the cab-
inet/column and TCZ are monitored in real-time using Pt100 resistance
thermometers linked to LabView™ Software (National Instruments,
Austin, TX, USA). The TCZR apparatus is controlled by an external
computer running LabView software, and Festo control panel, where the
TCZ velocity (vc), linear motor position, and temperature (Φ) of the
cabinet or cooling zone can be measured and modified.

2.6.2. General description and procedures
All TCZR-HIC experiments were conducted using an ÄKTA Explorer

100 Air chromatography workstation operated using Unicorn 5.1.1
software (GE Healthcare, Uppsala, Sweden). The separation column was
packed with Butyl Sepharose™ 4 Fast Flow (Batch B) at 0.5 mL⋅min-1

(volume= 3.11 mL; length= 110mm; compression factor= 1.09). In all
experiments: (i) 50 mM sodium phosphate buffer pH 7.5 supplemented
with 0.5 M AS was used for equilibration, binding, washing and TCZ
elution steps; (ii) cabinet and TCZ temperatures were fixed at Φ = 40 ±

1 ◦C and 10 ± 1 ◦C respectively; (iii) vc was 0.1 mm⋅s-1; and (iv) a

A. Brean et al.
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constant volumetric flow rate of 0.18 mL⋅min-1 was used equating to a
superficial mobile phase velocity, u, of 38.2 cm⋅h-1. Assuming a settled
bed voidage, εo, of 0.41 for 4% cross-linked Sepharose™ [55] the
calculated bed voidage, ε, was ~0.36. Thus, the interstitial velocity, ui
(at u= 38.2 cm⋅h-1) was 107.1 cm⋅h-1 or 0.30 mm⋅s-1, i.e., 3× faster than
vc (0.1 mm⋅s-1). The interval between successive TCZ movements was
varied by adjusting the start and end positions. For example, at vc = 0.1
mm⋅s-1, start and end positions 40 mm either side of the 110 mm high
chromatographic bed correspond to a 31.67 min cycle time (190 mm of
travel), whereas 5 mm displaced start and end points reduce the cycle
time to 20 min (120 mm travel). Immediately on reaching the end po-
sition, the TCZ is rapidly returned to its starting position above the bed
in immediate readiness for the next downward pass. The return velocity
used in this work of 20 mm⋅s-1 adds an extra 6 s to a 20 min cycle time
and 9.5 s to a 31.67 min cycle, giving peak-to-peak separation times of
20.1 min and 31.83 min.

In batch mode TCZR experiments, BSA (0.5 mL of 4 mg⋅mL-1) was
applied to pre-equilibrated beds of Butyl Sepharose 4 Fast Flow at Φ =

40 ◦C. The columns were then washed (3 CV) before initiating the first of
7 – 12 sequential movements of the TCZ along the column’s full sepa-
ration length. On completion of the TCZ’s last movement columns were
stripped using 20% (v/v) ethanol at Φ = 40 ◦C.

For continuous TCZR-HIC BSA loading and TCZ movements were
performed concurrently. BSA was applied at Φ = 40 ◦C to fresh, re-
generated or fouled (inadequately cleaned) Butyl Sepharose 4 Fast Flow
columns at concentrations of 0.25, 1 and 0.5 mg⋅mL-1 respectively. A
minimum of 58 TCZ cycles was conducted at regular intervals (20 or
21.8 min). Loading of BSA was maintained for 190 – 210 mL at which
point the flow to columns was switched from BSA in buffer to buffer only
whilst continuing TCZ operation for another 6 – 8 cycles, before
administering 20% (v/v) ethanol to the columns at Φ = 40 ◦C. Between

runs columns were cleaned with 1 M NaOH, washed with purified water
and stored in 20% (v/v) ethanol.

Flow exiting all columns was continuously monitored for conduc-
tivity and UV absorbance at 280 nm, and all fractions generated during
experiments were retained for SEC analysis (Section 2.7).

2.7. Analysis

Alex Fluor 647 dye and BSA concentrations in samples were deter-
mined in a DeNovix DS-11+ UV spectrophotometer (Wilmington, DE,
USA) at wavelengths of 650 nm and 280 nm respectively.

CLSM data was analysed using ImageJ2 (Fiji) software [56]. In-
tensity vs. radial position profiles were extracted and plotted in Ori-
ginPro. For ease of visualisation [57] images of individual
chromatography beads are shown in the “Hot Cyan” colour scale
available in ImageJ Fiji.

After packing and prior to each new TCZR-HIC run bed quality was
assessed by comparing peak asymmetry factors (As). For this, tracer
pulses (50 μL of 0.8 M NaCl) were injected onto Butyl Sepharose 4 Fast
Flow columns operated at 0.18 mL⋅min-1 and employing 0.4 M NaCl as
the mobile phase. A minimum of three measurements were performed
and As was calculated using the ÄKTA Explorer’s Unicorn software
version 5.1. In all TCZR experiments, regardless of bed history, As values
were close to 1. Areas under peaks in chromatograms were calculated
using OriginPro’s Peak Analyser (OriginLab Corporation, Northampton,
MA, USA) tool and were subsequently converted to mass (1 mg⋅mL-1 BSA
gives a UV 280 signal of 115 mAU).

The compositions of feed solutions and peak fractions collected
during TCZR-HIC chromatography were analysed by SEC analysis using
a Superdex 200 increase, 300/10 GL column (Cytiva, Marlborough, MA,
USA) previously calibrated with Ovalbumin (44 kDa), Conalbumin (75

Fig. 1. Equilibrium isotherms for the adsorption of BSA to batches A (a – c; open squares), B (d – f; open circles) and C (g – i; open down-triangles) of Butyl Sepharose
4 Fast Flow tested in this study. The solid lines (blue = 10 ◦C; black = 21 ◦C; red = 40 ◦C) through the data points represent fitted Langmuir curves with parameter
values presented in Table 1 and the dashed lines (blue = 10 ◦C; black = 25 ◦C; red = 40 ◦C) are simulated Langmuir curves for BSA adsorption to the batch of Butyl
Sepharose 4 Fast Flow employed by Müller and Franzreb (2012).

A. Brean et al.
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kDa), Aldolase (158 kDa), Ferritin (440 kDa), Thyroglobulin (669 kDa)
and Blue Dextran 2000 (2000 kDa). Syringe filtered samples were
injected onto the column via a 500 µL sample loop. Chromatography was
performed at 0.5 mL⋅min-1 using PBS (10 mM phosphate, 137 mM NaCl,
2.7 mM KCl, pH 7.4) as the mobile phase and the UV absorbance of the
exiting flow was monitored at 215 and 280 nm. Three elution peaks
were observed in BSA feed samples with apparent molecular weights
corresponding to monomers, small oligomers (dimers, trimers, and tet-
ramers), and higher molecular weight (HMW) species (larger oligomers
and soluble aggregates).

3. Results and discussion

In their study Müller and Franzreb [45] screened four differently
functionalised HIC media for the binding of BSA at temperatures, Φ,
between 10 and 40 ◦C in a 50 mM sodium phosphate pH 7 buffer vari-
ously supplemented with low concentrations (0.1 – 0.5 M) of AS. The
authors: (i) noted that temperature dependency is inversely correlated
with hydrophobicity of the matrix; (ii) singled out Butyl Sepharose 4
Fast Flow as most promising for further investigation of temperature
dependency in HIC; (iii) employed van’t Hoff analysis, applied to
collected isotherm data, to calculate thermodynamic contributions to
BSA binding, highlighting the key import of ΔS cf. ΔG and qmax; and (iv)
recommended binding (high) and desorption (low) temperatures are
ideally selected so that ΔG flips its sign from strongly negative at the
higher temperature to positive at the lower temperature.

3.1. BSA adsorption on Butyl Sepharose 4 Fast Flow

Protein binding in HIC is well known to correlate with alkyl chain
length and ligand density [25,58-60]. Müller and Franzreb [45] did not
specify the ligand density (or lot number from which this could be
identified) of the Butyl Sepharose 4 Fast Flow used in their work. In this
study, three different lots (designated A – C) with ligand densities
ranging from 44 – 50 μmol⋅mL-1 were screened in batch adsorption
isotherms conducted with BSA in phosphate buffer containing 0.5 M AS
(Fig. 1, Table 1) with two objectives in mind, i.e., identify: (i) the
adsorbent best matching the matrix used by Müller and Franzreb [45]
for ease of comparison; and more importantly (ii) the matrix displaying
the strongest temperature dependency. Here, temperature dependency
is described by two parameters, i.e., ΔqΦ, the difference in binding ca-
pacity at 40 ◦C and 10 ◦C [45] and kʹΦ, the ratio of the initial slopes
qmax/Kd at 40 ◦C and 10 ◦C. At 40 ◦C BSA binding to all batches of Butyl
Sepharose 4 FF (Figs. 1c, 1f and 1i, Table 1) is very similar (qmax = 6.5 –
7 mg⋅mL-1, Kd = 0.7 – 1.0 mg⋅mL-1, qmax/Kd = 7.1 – 9.1). A reduction in
temperature to 21 ◦C substantially weakens binding (Figs. 1b, 1e and
1h), but the same commonality is retained for batches A–C (qmax = 5.0 –
6.35 mg⋅mL-1, Kd = 2.7 – 3.3 mg⋅mL-1, qmax/Kd = 1.8 – 1.9). Reducing
the temperature yet further to 10 ◦C exposes differences in BSA binding
characteristics between the batches (Fig. 1a, d and g). Batch C (50
μmol⋅mL-1), likely the most densely derivatised of the four batches, ex-
hibits stronger binding character (e.g., qmax/Kd = 1.30 cf. 0.8–0.9;
Table 1), which compromises its temperature dependency (ΔqΦ = 1.1
mg⋅mL-1, kʹΦ = 7) cf. the rest (ΔqΦ = 2.2 – 2.7 mg⋅mL-1, kʹΦ = 8.7 – 10.8).
Batch B was selected for use in all subsequent studies as it displayed the
strongest temperature dependent BSA binding of the three batches of
Butyl Sepharose 4 Fast Flow batch, closely matching the behaviour
previously reported by Müller and Franzreb [45] for a different batch of
the same matrix.

3.2. Temperature dependency window for BSA on Butyl Sepharose 4 Fast
Flow

To identify operating windows/limits of temperature dependency of
BSA binding to Butyl Sepharose 4 Fast Flow the combined influence of
AS concentration and temperature was explored in batch binding and

CLSM studies. At a challenge of 20 mg BSA per mL adsorbent in the
presence of 0.3 M AS only 9.9 – 20.3% of the protein was adsorbed
(Fig. 2a). BSA binding capacities were low (1.92, 2.84 and 3.94 mg⋅mL-1

at 10, 21 and 40 ◦C respectively), but a clear advantage of higher tem-
perature was observed, i.e., the binding capacity at 40 ◦C was 2.05-fold
higher than at 10 ◦C (Fig. 2b; ΔqΦ = 2.02 mg⋅mL-1). With increasing AS
concentration capacities rose steeply in roughly linear fashion (Fig. 2b).
The advantage of high temperature on binding persisted at 0.5 M (6.0
mg⋅mL-1 at 40 ◦C cf. 3.38 mg⋅mL-1 at 10 ◦C, i.e., 1.78-fold; ΔqΦ =mg⋅mL-
1), 0.75 M (9.64 mg⋅mL-1 at 40 ◦C cf. 4.94 mg⋅mL-1 at 10 ◦C, i.e., 1.95-
fold higher; ΔqΦ = 4.7 mg⋅mL-1) and 1 M added salt concentrations
(12.72 mg⋅mL-1 at 40 ◦C cf. 8.12 mg⋅mL-1 at 10 ◦C, i.e., 1.57-fold higher;
ΔqΦ = 4.6 mg⋅mL-1) but was lost almost completely at 1.5 M AS (19.68
mg⋅mL-1 at 40 ◦C cf. 19.38 mg⋅mL-1 at 10 ◦C; ΔqΦ = 0.3 mg⋅mL-1). A
similar trend was observed at the higher challenge of 62 mg BSA per mL
adsorbent conducted at high added AS concentrations of 1 – 2 M, i.e.,
capacities increasing with increasing salt and accompanied by gradual
loss of temperature dependency (ΔqΦ falling from 5.44 mg⋅mL-1at 1 M
added salt to 2.46 mg⋅mL-1 at 2 M AS). When expressed as percentages of
capacities at 40 ◦C these values of ΔqΦ are small, i.e., reflecting binding
capacity differences of 21.76% at 1 M AS dropping to 5.11% at 2 M
added AS. Thus, for the present system (BSA, Butyl Sepharose 4 Fast
Flow) a thermally driven process employing high temperature (40 ◦C)
binding and low temperature (10 ◦C) for elution is only viable with low
AS concentrations (0.3 – 0.75 M).

CLSM images arising from equilibrium binding (t = 1.5 h) of Alexa
Fluor 647 conjugated BSA to Butyl Sepharose 4 Fast Flow as functions of
temperature (10, 21 and 40 ◦C) and AS concentration (0.3 – 1.5 M) are
shown in Fig. 3, and the corresponding fluorescence intensity scans are
presented in Fig. 4. The general influence of temperature on

Fig. 2. Combined influence of temperature and AS concentration on BSA
binding to Butyl Sepharose 4 Fast Flow at challenges of 20 (filled bars; 0.3 – 1.5
M AS) and 62 (hatched bars; 1–2 M AS) mg BSA per mL of support. Binding
temperatures of 40, 21 and 10 ◦C are indicated by red, black, and blue
respectively. Panels a and b respectively show the% of BSA remaining in so-
lution and binding capacity plotted against AS concentration.
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fluorescence intensity and intraparticle distribution of adsorbed BSA in
Butyl Sepharose 4 Fast Flow beads can be appreciated at all AS con-
centrations but is most noticeable below 0.75M added salt. Temperature
plays a secondary role cf. salt when high concentrations of the latter (1
and 1.5 M) are employed. Post binding and prior to CLSM analysis
samples were washed at the binding temperature. At 10 ◦C in the
presence of 0.3 – 0.75 M AS concentrations and at 21 ◦C in 0.3 M AS,
binding is weak; thus, much of the adsorbed BSA is lost during the wash
step and fluorescence is fainter than expected based on scrutiny of
Fig. 2b. At 40 ◦C in 0.3 M AS BSA is transported into the centre of the
bead (Figs. 3 and 4) and raising the salt concentration to 0.5 M increases
bead fluorescence uniformly across the bead diameter. At the lower
temperatures (21 ◦C and especially 10 ◦C) BSA binding is very feeble in
0.3 and 0.5 M AS; the difference in fluorescence (Fig. 3) and pixel in-
tensity (Fig. 4) at 40 and 10 ◦C in 0.5 M added salt is particularly striking

and lends support to the selection of this AS concentration for all sub-
sequent work (i.e., pulse-response HIC and TCZR-HIC experiments).
Marked and progressive changes in fluorescence intensity and distri-
bution occur as the salt concentration is raised beyond 0.75 M, regard-
less of temperature, i.e., sharp adsorption fronts develop, separating
saturated shells from empty cores, indicating that intraparticle transport
of BSA is dominated by hindered pore diffusion [61,62]. At these high
AS concentrations (>1 M) extensive unfolding, strong binding, and ag-
gregation of BSA in outer regions of the Butyl Sepharose 4 Fast Flow
adsorbent particles [63] blocks the pores preventing further transport to
the bead interiors.

3.3. Pulse-response HIC

Prior to trialling TCZR-HIC, pulse-response experiments (Fig. 5) were

Fig. 3. CLSM images of temperature dependent binding of Alexa Fluor 647-tagged BSA to Butyl Sepharose 4FF beads at AS concentrations of 0.3 – 1.5 M and
temperatures of 10, 21 and 40 ◦C. See text for details.

Fig. 4. Intensity profiles of beads taken from the left-to-right horizontal midpoint of each bead featured in Fig. 3. Pixel intensity represents image brightness, and is
the raw output from the CLSM, reported as grey value. The red, black, and blue traces represent binding temperatures of 40, 21 and 10 ◦C respectively.
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conducted using a small glass column packed with Butyl Sepharose 4
Fast Flow submerged in a water bath held at 40 ◦C. BSA was supplied as
2 mg pulses (equivalent to 33% of the equilibrium binding capacity of 6
mg⋅mL-1) to the equilibrated bed at 0.18 mL⋅min-1 in 50 mM sodium
phosphate, pH 7.5 containing 0.5MAS. The beds were then washed with
the same buffer at the same temperature. Under these conditions <20%
of the absorbed BSA (Fig. 5, Table 2), identified by Jungbauer et al. [64]
as weakly bound native BSA, elutes isocratically as a small broad peak
(<3 CV). By contrast retained BSA, elutable by lowering the salt con-
centration or stripping with 20% (v/v) ethanol, is predominantly
unfolded [45,63,64]. Fig. 5b and Table 2 show that a substantial fraction
(two-thirds) of this tightly bound BSA can be desorbed without change
in mobile phase composition, simply by transferring the column to an ice

water bath maintained at ~10 ◦C. Cooling the column in this manner
generated a broad strongly tailing elution peak (extending over >6 CV)
containing 56% of initially bound BSA. Firmly bound BSA, i.e., that not
eluted by cooling, was desorbed from the column in a third sharp peak
(23.2% recovered) by stripping with 20% (v/v) ethanol. Immediate
stripping of the column with 20% (v/v) ethanol post isocratic elution (i.
e., omitting the cooling step) resulted in a sharp strip peak (Fig. 5a) of
greater magnitude (87.1% recovery). No further protein was recovered
by cleaning the beds with 1 M NaOH.

3.4. Batch mode TCZR-HIC of BSA

With the benefits of cooling as a means of elution clearly established,
temperatures for binding and elution were transferred to TCZR HIC

Fig. 5. Pulse-response chromatography of BSA on Butyl Sepharose 4FF col-
umns. BSA (2 mg equiv. 33% EBC) was loaded to the columns in sodium
phosphate buffer pH 7.5 supplemented with 0.5 M AS at Φ = 40 ◦C and washed
at the same temperature. Columns were then: (a) eluted by being immersed in
an ice bath (Φ = 10 ◦C) before stripping with 20% (v/v) ethanol (Φ = 10 ◦C); or
(b) stripped with 20% (v/v) ethanol at Φ = 40 ◦C. Loading, wash, elution, and
strip phases are indicated arrow heads and the letters L, W, E and S respectively
UV absorbance and conductivity traces are respectively indicated by black and
blue traces.

Table 2
Evaluation of process performance during pulse response HIC of BSA corre-
sponding to Fig. 5.

Experiment Φ = 40 ◦C Φ = 10 ◦C % Mass
balance

Eluted
(%)

Firmly
bound (%)

Eluted
(%)

Stripped
(%)

Bath @ 40 ◦C (
Fig. 5a)

16.9 83.1 – 87.1 104.0

Baths @ 40 & 10
◦C (Fig. 5b)

17.7 82.3 56.0 23.3 97.0

Fig. 6. Chromatograms arising from TCZR tests with Butyl Sepharose 4 Fast
Flow in 0.5 M AS in 50 mM sodium phosphate buffer pH 7.5 employing mul-
tiple movements of the TCZ at a velocity vc of 0.1 mm⋅s-1. Columns were loaded
with 2 mg of BSA (0.5 mL of 4 mg⋅mL-1) and washed at the binding temperature
(40 ◦C) prior to initiating the first of seven (a) or twelve (b) sequential move-
ments of the TCZ. Arrow heads with letters or numbers indicate wash (W), TCZ
elution (1 – 12) and strip (S) peaks. UV absorbance and conductivity signals are
respectively indicated by black and blue traces.

Table 3
Evaluation of process performance for batch TCZR-HIC of BSA corresponding to
Fig. 6.

Experiment % BSA recovered % Mass
balance

Feed (Φ
= 40
◦C)

Wash (Φ
= 40 ◦C)

TCZ elution
cycles (Φ =

10 ◦C)

Strip (Φ
= 10
◦C)

7 × 31.83 min
cycles (
Fig. 6a)

100 2.7 64.4 45.7 112.8

12 × 20.1 min
cycles (
Fig. 6b)

100 2.3 66.1 39.0 107.3
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operation in batch and subsequently continuous modes using 3.4 mL
beds of Butyl Sepharose 4 Fast Flow packed in a thin-walled stainless-
steel column (ID= 6 mm), cabinet and TCZ temperature of 40 ◦C and 10
◦C respectively and mobile phase of 0.3 mm⋅s-1 and TCZ velocity of 0.1
mm⋅s-1. Analogous to pulse-response experiments (Fig. 5) in batch
TCZR-HIC (Fig. 6), 2 mg BSA were applied to equilibrated beds at 40 ◦C
in 50 mM sodium phosphate pH 7.5 containing 0.5 M AS and the col-
umns were subsequently irrigated with the same buffer at the same
flowrate.

The first peak in both chromatograms (Fig. 6a and b) is of weakly

adsorbed native BSA and is much smaller (<3% of the load, Table 3)
than those observed in the bath pulse-response experiments (<20%,
Fig. 5, Table 2), and likely relates to the >3-fold lower BSA loading
employed as a percentage of equilibrium binding capacity, i.e., 9.8% cf.
33%. Previously, Müller and Franzreb [45] observed that while the
degree of BSA unfolding on Butyl Sepharose 4 Fast Flow columns is
practically independent of the amount loaded at temperatures of 10 and
25 ◦C, at 40 ◦C the extent of unfolding increases markedly at low BSA
loadings; supporting earlier findings from Muca et al. [52] that
increasing temperature strongly enhances BSA unfolding and retention
in HIC. TCZ migration along the column was initiated shortly after
weakly bound BSA had eluted from the column, and the first thermally
eluted peak was generated as the TCZ passed the column exit. At this
point the TCZ reverses its direction of travel and is quickly returned (vc=
20 mm⋅s-1) to the top of the bed in readiness for its next descent. In the
first experiment (Fig. 6a) a total of seven THZ movements or cooling
cycles were performed. Each travel of the TCZ is accompanied by a sharp
elution peak and small blip in the conductivity profile [19]. The size of
thermal elution peaks drops with each successive cycles (Fig. 6, Table 3)
as the portion of thermally elutable BSA bound to the bed is progres-
sively reduced with each elution. TCZR mediated elution from Butyl
Sepharose 4 Fast Flow in the stainless-steel column compared favour-
ably with immersion of the whole bed (contained in a glass column) in
the 10 ◦C ice bath. Combined TCZ cycles recovered >64% of the loaded
BSA cf. 56% by cooling the entire bed. The first TCZ cycle accounted for
48% of the thermally eluted BSA, and each subsequent cycle desorbed
diminishing amounts. In the second batch TCZR HIC experiment
(Fig. 6b) the TCZ ‘start’ and ‘end’ positions were adjusted (while
maintaining the same vc of 0.1 mm⋅s-1) to reduce the cycle time from
31.83 to 20.1 min. In this manner five more travels could be conducted

Fig. 7. Influence of BSA concentration in the feed on composition determined
by SEC. BSA was prepared in 50 mM sodium phosphate supplemented with 0.5
M AS. Key: monomers (white bars); 2–4 mers (pale grey bars); HMW species
(dark grey).

Fig. 8. (a) SEC analysis of fractions and (b) calculated changes in mass of adsorbed BSA species during TCZR-HIC (Fig. 6b). Key: feed (F); wash (W); TCZ elution
peaks (1 – 12); strip (S); monomers (white bars); 2–4 mers (pale grey bars); HMW species (dark grey).
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within approximately the same period (i.e., 12 cf. 7) reducing the
peak-to-peak distance from ~5.8 mL (Fig. 6a) to ~3.6 mL (Fig. 6b). A
small improvement in thermal elution yield of BSA was observed, i.e.,
twelve combined cooling cycles recovered 66.1% cf. 64.4% (Table 3). In
both runs the first TCZ cycles accounted for nearly 50% of the thermally
eluted BSA (48%, Fig. 6a, cf. 46%, Fig. 6b), and each subsequent cycle
desorbed decreasing quantities of BSA. Taken collectively it appears
that: (i) more than 60% of the BSA retained on Butyl Sepharose 4 Fast
Flow at 40 ◦C in 0.5 M AS can be recovered by a 30 ◦C thermal shift to 10
◦C; (ii) the TCZR system is able to match/surpass the elution perfor-
mance achieved by cooling the entire bed; (iii) a significant portion of
BSA (ca. 40%) remains bound after cooling, but is easily recovered by
stripping with 20% (v/v) ethanol.

3.5. SEC analysis of feedstocks and fractions from batch TCZR-HIC of
BSA

BSA solutions contain a dynamic mix of interconverting monomeric
and multimeric structures of closely related but non-identical molecules;
[65,66] the amounts of each depend on solvent properties (e.g., buffer
pH, salt concentration and type of salt), temperature and protein con-
centration. To gain a deeper understanding of TCZR-HIC performance,
feedstocks and peak fractions were analysed by SEC. The BSA concen-
tration of feedstocks used in chromatographic studies varied between
0.25 to 4 mg⋅mL-1.

Fig. 7 shows that the composition remained essentially the same at 1
and 4 mg⋅mL-1 BSA (i.e., 72.4 cf. 72.9% monomers; 19.5 cf. 18.8% 2–4
mers; 8.1 cf. 8.2% HMW), but at lower BSA concentrations (0.25 and 0.5
mg⋅mL-1) the monomer content dropped to 63.4% at the expense of
increased presence of small oligomers (22.9 – 24.4%) and HMW (11.2 –

Table 4
Tracking of BSA monomer, dimer and HMW species during TCZR-HIC on Butyl Sepharose 4 Fast Flow (Fig. 6b).

Fraction BSA (mg) BSA composition (%) BSA composition (mg) Monomer DF (-)

Monomers 2–4 mers HMW Monomers 2–4 mers HMW Recovery (%) PF (-) 2–4mer HMW

Feed (F) 2.0 72.9 18.7 8.5 1.46 0.37 0.17 100 1.0 1.0 1.0
Wash (W) 0.05 100 0 0 0.05 0 0 3.2 1.37 – –
Elution pool (1–12 incl.) 1.32 95.3 4.6 0.05 1.26 0.06 <0.001 86.3 1.31 6.12 257
Strip (S) 0.78 55.1 33.6 11.3 0.43 0.26 0.09 29.5 0.76 1.42 1.92
Sum of all fractions 2.15 1.73 0.32 0.09
% Mass balance 107.3 119.0 86.60 52.4

Compositions were determined by SEC analysis (Fig. 8a). Key: PF = purification factor; DF = depletion factor.

Fig. 9. Chromatograms arising from continuous TCZR-HIC tests with Butyl Sepharose 4FF in 0.5 M AS in 50 mM sodium phosphate buffer pH 7.5 employing 58+
movements of the TCZ at a velocity vc of 0.1 mm⋅s-1. BSA was continuously supplied at: (a) 0.25 mg⋅mL-1 to a fresh column (condition 1); (b) 1 mg⋅mL-1 to a re-
generated column (condition 2); and (c) 0.5 mg⋅mL-1 to a fouled column (condition 3). Labelled arrow heads indicate sequential TCZ elution and the ethanol strip (S)
peak, and the dashed red lines indicate termination of BSA supply marking the transition from continuous to batchwise operation. The distance travelled by the TCZ
was 130 mm (a) or 120 mm (b, c) resulting in a peak-peak cycle times of 21.78 min or 20.1 min respectively. UV absorbance and conductivity signals are respectively
indicated by black and blue traces.
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13.3%). These findings, though initially counterintuitive, accord with
observations that aggregation of BSA is more prevalent in dilute solu-
tions, indicating no inherent tendency of the molecule to aggregate [65,
67,68]. Madeira and coworkers [65] hypothesized there were two
distinct monomeric forms in solution, one with no tendency to aggregate
the other exhibiting increasing aggregation tendency on dilution, and
that dilution increases the relative proportion of the latter which in turn
drives increased aggregation. Fig. 8a and Table 4 respectively show SEC
composition analysis of the feed (4 mg⋅mL-1) and pooled peak fractions
from the TCZR-HIC run in Fig. 6b, and key mass balance and purity data
for the same experiment. The feed composed <73% monomers, <19%
small oligomers and >8% HMW, and the wash peak contained only
monomer (Fig. 8a). All twelve TCZ eluted peaks were essentially
composed of 95% monomers and 5% small oligomers. No significant
differences in composition were noted from one TCZ cycle to the next
other than trace levels of HMW (0.06 ± 0.01%) detected in the first few
TCZ elution cycles, but not in the last seven elution peaks. In stark
contrast, 2–4 mer and HMW combined accounted for nearly 45% of the
BSA in ethanol strip peak.

The mass balance for overall BSA recovery in the experiment closed
to>107% (Table 4). Monomers in TCZ pool of elution peaks were>95%
pure and, based on the improbable assumption of ‘no changes in
composition’ during chromatography, were recovered in 119% yield.
The mass balances for recovered small oligomers (86.6%) and HMW
(52.4%) did not close. From this it follows that some portion of oligo-
meric and higher order BSA desorbed from the column during regen-
eration with 20% (v/v) ethanol is converted back to monomeric form
(see 3.6).

3.6. Continuous TCZR-HIC

Having established the effectiveness of the TCZ in selectively eluting
essentially only monomeric forms whilst accumulating more hydro-
phobic multimers/HMW aggregates during batch mode HIC, we next
employed TCZR-HIC in continuous mode at three different BSA feed
concentrations (Fig. 9) to explore its potential/define its limits as a
protein aggregate removal step. In previous work using TCZR and THZR
systems respectively configured with smart thermoresponsive cation
exchange adsorbents [53] and a thermoresponsive rProtein A matrix
[19] we were able to match the rates of the protein loading/ binding
with those of thermal elution. This resulted in elution peaks reaching a
steady maximum height returning to the baseline between peaks. In
both studies the travelling devices were operated over 6 – 9 cycles and
steady state was typically observed after the 2 – 4 cycles depending on
the target protein concentration in the feed. Given the findings from
batch experiments, best illustrated by Fig. 8b, that tightly binding higher
order species accumulate on the column and their binding status is not
affected by cooling, at some point during continuous supply of BSA to
the bed the column’s capacity for 2–4 mer and HMW will be reached,
and these species will begin to appear in the exiting flow along with
monomer. At this point feeding should stop, so that the column can be
regenerated (by stripping with 20% v/v ethanol followed by NaOH) in
readiness for the next round of processing (continuous feeding of BSA
and TCZ elution of monomer). It also follows that the working capacity
for monomer elution by TCZ cooling must decline at some point during
extended operation, meaning that true quasi-steady state operation is
not possible. To test the above reasoning in this work feed was contin-
uously administered at different BSA concentrations (0.25, 1 and 0.5
mg⋅mL-1) to freshly packed (Fig. 9a), regenerated (Fig. 9b) or fouled
(Fig. 9c) beds of Butyl Sepharose 4 Fast Flow and operation was
extended to 58+ travels. Feeding of BSA in buffer (phosphate containing
0.5 M AS) to the beds was maintained for 190 – 210mL during which the
TCZ had moved 49 – 58 times before switching to buffer only. TCZ
movements were continued at the same frequency another 5 – 9 times
mimicking batch mode operation. Bound BSA not eluted by the TCZ was
desorbed after the last movement by stripping with 20% (v/v) ethanol.

Comparison of individual eluted peaks within the chromatograms
(Fig. 9) indicates a certain time is required before maximum peak
height/area is reached and that raising the BSA feed concentration
speeds its acquisition. For example, at 0.25, 0.5 and 1 mg⋅mL-1 BSA in
the feed maximum peak size were reached at peaks 27 (Fig. 9a), 23
(Fig. 9c) and 8 (Fig. 9b) respectively. Other notable aspects discussed
below are the UV280 baseline signal, eluate composition during the
continuous loading-unloading phase, purification performance and
mass balance closures, and the width and shape of TCZ elution peaks.

3.6.1. Continuous TCZR-HIC on ‘clean’ HIC columns (Conditions 1 & 2)
The baseline signal remained flat for the ‘fresh bed + 0.25 mg⋅mL-1

BSA’ experiment (condition 1; Fig. 9a), during which 49 movements of
the TCZ had been completed during the continuous loading-unloading
phase followed by a further 8 without feeding (simulating batchwise
operation; Section 3.4). SEC analysis of every 5th peak (5, 10, 15, 20, 25,
30, 35, 40 and 45) during the continuous loading-unloading part of the
run (until and including peak 49) confirmed high monomer purity (av.
94.4 ± 0.6%) across all TCZ elution peaks; 2–4 mer and HMW respec-
tively accounted for 5.6 ± 0.6% and <0.05 ± 0.025% of the BSA pop-
ulation (Fig. 10a). On terminating the supply of BSA increased levels of
2–4 mer and HMW were detected in peaks 50 (12.1% 2–4 mer, 0.21%
HMW) and 55 (16.0% 2–4 mer, 0.38% HMW); thus, monomer purity

Fig. 10. SEC analysis on selected fractions taken during continuous TCZR-HIC
of BSA (Fig. 9) on (a) fresh (condition 1), (b) regenerated (condition 2) and (c)
fouled (condition 3) Butyl Sepharose 4 Fast Flow columns. Key: feed (F); elution
pool (P); selected elution peaks (5 – 55); strip (S); monomers (white bars); 2–4
mers (pale grey bars); HMW species (dark grey bars).
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was noticeably reduced in these fractions (Fig. 10a). These reductions
can be explained at least in part by a pump valve error which led to
dilution of the mobile phase, lowering the conductivity from 85 mS⋅cm-1

to 70 – 76 mS⋅cm-1 (Fig. 9a) thereby weakening adsorption of bound 2–4
mer and HMW BSA. As the mass contributions of peaks 50 – 58 were
small (1.89 mg) cf. all preceding peaks (32.21 mg) monomer purity of
the pool dropped only slightly to 92.7% (Table 5, condition 1). Of the
48.9 mg BSA applied (31.1 mg monomer, 10.7 mg 2–4 mers, 7.1 mg
HMW), 34.1 mg was recovered by the TCZ cooling cycles (31.6 mg of
which was monomer), and stripping post TCZ with 20% (v/v) ethanol
closed the mass balance to>93% (Table 5, condition 1). Monomers were
recovered in high yield and purity, depleted 3.1-fold with respect to 2–4
mers and 92-fold in HMW species.

Increasing the BSA concentration continuously applied to same col-
umn to 1 mg⋅mL-1, after cleaning and re-equilibration (condition 2),
compromised TCZ elution performance. Approximately 30 mL (30 mg)
into loading, roughly coincident with the 8th travel of the TCZ (which
issued the tallest peak in the run at 2.6 mg BSA), the baseline UV signal
started drifting upwards, while the peak height diminished, creating a
striking chromatographic profile (reminiscent of the dorsal fin of a
Sailfish or Marlin). The mass passing in the ‘bleed’ (area between the
original baseline line and the TCZ eluted peaks) grew throughout the
loading phase to represent 45% of the total BSA eluted on completion
(TCZ elution peaks accounted for 55% of the total). Note, the rising
baseline/increasing bleed does not reflect increasing passive passage of
BSA through the bed. Rather it implies bound monomers are displaced
back into the mobile phase by more hydrophobic and avidly binding 2–4
mer and HMW BSA species. With gradually increasing supply to the bed
available capacity for adsorbing BSA is consumed by tighter binding
species, thus levels of more readily desorbed monomers drop, which
accounts for diminishing height of TCZ elution peaks observed through
the loading-unloading phase of Fig. 9b. SEC analysis of fractions
generated after the 5th travel of the TCZ confirmed gradual reduction in
monomer purity primarily at the expense of 2–4 mer, though increasing
HMW contamination of the eluate is discernible from peak 20 onwards

(Fig. 10b). Approximately 214 mg of BSA (72.1% monomers, 19.4% 2–4
mers, 8.5% HMW) was applied in this experiment (Figure 9b; Table 5,
condition 2) of which >188 mg was eluted (184 mg during feeding, 4.2
mg once feeding had stopped) and a further 23.4 mg was recovered in
the 20% (v/v) ethanol strip. BSA monomers were recovered in the eluate
in high yield but at lower purity (89.6%) cf. that observed with the 0.25
mg⋅mL-1 feed (92.7%; Table 5, condition 1). For ‘clean’ beds continu-
ously challenged with BSA at 0.25 and 1 mg⋅mL-1 (Fig. 9a and b) mass
balances for monomer exceeded 100% (Table 5, conditions 1 and 2)
while those for 2–4 mers fell far short, i.e., 38.8% (Table 5, condition 1)
and 51.2% (Table 5, condition 2). As noted earlier (Section 3.5) the
process of stripping with ethanol likely dissociates some higher order
BSA structures, 2–4 mers in particular, to monomeric forms.

Plots of BSA composition vs accumulated mass of BSA supplied to the
HIC columns (Fig. 11) provide a clearer picture of how eluate compo-
sition changes during continuous TCZR HIC of BSA on Butyl Sepharose 4
Fast Flow as a function of feed concentration.

At 0.25 mg BSA per mL the composition of the elute remained
relatively stable throughout the loading-unloading phase (averaging
94.4% monomer, 5.6% 2–4 mer, <0.05% HMW). For the 1 mg⋅mL-1

condition, monomer accounted for 92.5% of the BSA present in peak 5
(Fig. 11, first data point) and was generated before the baseline began to
rise (peak 8; Fig. 9b). Thereafter the contribution of monomers in elution
fractions fell steadily to reach<84% at peak 50 (Fig. 11, last data point),
paralleling the increasing appearance of 2–4 mer and HMW species
(Figure 11; >15% and >0.6% respectively) and rising baseline ‘bleed’
and shrinking ‘monomer-rich’ peaks observed in Fig. 9b.

Realistically, at any given BSA feed concentration continuous oper-
ation of TCZR-HIC should continue to the point where the baseline starts
to rise, as this point should coincide with deterioration of performance,
e.g., marked by a drop in monomer purity (Figs. 10 and 11), whereupon
the bed should be regenerated before initiating the next round of
continuous TCZR HIC. That point was after only ~30 mg had been
applied (~10 mg BSA per mL of bed) at 1 mg⋅mL-1 (Fig. 9b) but was not
reached at 0.25 mg⋅mL-1 (Fig. 9a), signifying in this case, a safe/

Table 5
Tracking of BSA monomers, 2–4 mers and HMW species during continuous TCZR-HIC on Butyl Sepharose 4FF (Fig. 9). Compositions were determined by SEC analysis
(Fig. 10). Key: PF = purification factor; DF = depletion factor.

Condition 1: Fresh bed supplied with 0.25 mg⋅mL-1 BSA (Figs. 9a and 10a).

Fraction BSA (mg) BSA composition (%) BSA composition (mg) Monomer DF (-)

Monomer 2–4 mer HMW Monomer 2–4 mer HMW Recovery (%) PF (-) 2–4 mer HMW

Feed (F) 48.9 63.6 21.8 14.6 31.1 10.7 7.1 100 1.0 1.0 1.0
Elution pool (P) 34.1 92.7 7.1 <0.2 31.6 2.4 0.05 101.6 1.46 3.07 92.1
Strip (S) 11.5 19.7 15.0 65.3 2.3 1.7 7.5 7.3 0.31 1.45 0.22
Sum of all fractions 45.6 33.9 4.1 7.5
% Mass balance 93.1 108.9 38.8 105.6

Condition 2: Regenerated bed supplied with 1.0 mg⋅mL-1 BSA (Figs. 9b and 10b).

Fraction BSA (mg) BSA composition (%) BSA composition (mg) Monomer DF (-)

Monomer 2–4 mer HMW Monomer 2–4 mer HMW Recovery (%) PF (-) 2–4 mer HMW

Feed (F) 213.7 72.1 19.4 8.5 154.0 41.4 18.3 100 1.0 1.0 1.0
Elution pool (P) 188.2 89.6 10.1 <0.3 168.7 19.0 0.5 109.5 1.24 1.92 30.5
Strip (S) 23.4 14.2 9.6 76.2 3.3 2.2 17.8 2.2 0.20 2.02 0.11
Sum of all fractions 211.6 172.0 21.2 18.4
% Mass balance 99.00 111.7 51.2 100.6

Condition 3: Fouled bed supplied with 0.5 mg⋅mL-1 BSA (Figs. 9c and 10c).

Fraction BSA (mg) BSA composition (%) BSA composition (mg) Monomer DF (-)

Monomer 2–4 mer HMW Monomer 2–4 mer HMW Recovery (%) PF (-) 2–4 mer HMW

Feed (F) 96.1 62.4 26.3 11.3 60.0 25.3 10.9 100 1.0 1.0 1.0
Elution pool (P) 112.4 91.3 8.5 <0.2 102.7 9.6 0.2 171.2 1.46 3.09 59.5
Strip (S) 10.2 29.0 13.7 57.3 3.0 1.40 5.8 4.9 0.46 1.92 0.20
Sum of all fractions 122.6 62.4 105.6 11.0 6.0
% Mass balance 127.6 91.3 176.1 43.4 55.6
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conservative loading capacity of >50 mg or 17 mg of BSA per mL of
matrix, per operating cycle, featuring >50 movements of the TCZ with
each unloading 0.7 – 0.8 mg of >94% pure monomer .

3.6.2. Continuous TCZR-HIC on a fouled HIC column
The chromatogram for continuous TCZR-HIC of BSA at 0.5 mg⋅mL-1

on a fouled bed of Butyl Sepharose 4 Fast Flow (i.e., one previously
exposed to 100 mg of BSA, cleaned and stored in 20% (v/v) ethanol, but
not subjected to 1 NaOH) appears superficially similar to those con-
ducted with freshly cleaned beds of the same matrix, with maximum
peak heights roughly correlating with BSA feed concentration and
gradually decreasing peak magnitude after the 23rd pass of the TCZ
(Fig. 9c). However, there are salient differences, i.e., the UV280 baseline
rises continuously from the outset (reaching 8 mAU at ~190 mL ac-
counting for 11.5 mg or 10.2% of the BSA eluted), and the TCZ elution
peaks are much wider/less sharp, and their width gradually increases as
more BSA is supplied to the bed (Fig. 12). For example, for the clean
columns full-width-at-half-maximum (FWHM) values during loading
remain relatively constant at 0.76± 0.01 mL and 0.84± 0.02 mL at 0.25
mg⋅mL-1 and 1 mg⋅mL-1 respectively. For the fouled column FWHM
starts at 1.42 mL for the first elution peak and climbs to a maximum of
1.99 mL for the 53rd. On switching to batch operation FWHM drops
steeply in all cases consistent with reduced mass in the elution peaks. In
total, 96.1 mg of BSA was supplied to the fouled column (Table 5,
condition 3), 112.4 mg was collected in the elution pool (of which 102.7
mgwas monomer representing a> 1.7 increase cf. the feed) and 10.2mg
in the strip fraction, i.e., considerably more came off the column than
was applied (mass balance = 127.6%) reflecting that BSA accumulated
on the column in previous trial runs (not shown) appeared in the exiting
flow of the run in Fig. 9c. The impact of this ‘extra source’ of BSA on
eluate composition can be seen in Figs. 10c and 11. Monomer purity in
the eluate from the fouled column fed with 0.5 mg⋅mL-1 deteriorated
more readily than for the clean column fed with twice the BSA con-
centration in plots of composition vs. BSA supplied (Fig. 11), largely due
to enhanced levels of 2–4 mers. For example, monomer purities dropped
below 90% after supply of just 25 mg BSA to the fouled column (con-
dition 3) cf. >50 mg to the clean column (condition 2), but the gap
between the two conditions appears to close at higher BSA supply, i.e.,
beyond ~70 mg. Hence, the fouled column fed with 0.5 mg⋅mL-1 BSA
delivered comparable purification performance (Table 5, condition 3) to
that of the freshly regenerated bed of identical matrix operated with
twice the BSA concentration (Table 5, condition 3).

4. Conclusions

In earlier work, Müller and Franzreb [45] showed how temperature
alone could be used to control the sorption behaviour of BSA in HIC.
Novel TCZR/THZR systems capable of performing continuous
temperature-controlled adsorption chromatography in a single column
were subsequently developed and trialled for protein fractionation by
ion exchange [5,53] and affinity separation [19].

In this study the systematic advance of continuous low-salt TCZR-
HIC for the separation of protein monomers from higher order species is
demonstrated. Suitable conditions for temperature reversible binding of
BSA to Butyl Sepharose 4 Fast Flow without any modulation of buffer
composition were identified, from batch binding and CLSM studies
mapping AS concentration and temperature combined, and confirmed in
pulse-response temperature switching experiments, before successfully
transferring to TCZR-HIC, first in batch and subsequently in continuous
operating modes.

SEC analysis of BSA in TCZ eluted peaks generated during continuous
TCZR-HIC revealed they were substantially purified with respect to
monomer. In the best case (condition 1 employing the lowest BSA feed
concentration of 0.25 mg⋅mL-1) continuous TCZR-HIC operated at >17
mg BSA applied per mL of bed delivered monomeric BSA of>94% purity
substantially depleted in higher order structures (5.6% 2–4 mer,

Fig. 11. BSA eluate composition vs. BSA supplied during continuous TCZR-HIC
of BSA (Fig. 9, loading phase only). Key: fresh column fed with 0.25 mg⋅mL-1

BSA (open squares); regenerated column fed with 1 mg⋅mL-1 BSA (filled
squares); fouled column fed with 0.5 mg⋅mL-1 BSA (open circles).

Fig. 12. Peak width vs. TCZ peak number during continuous TCZR-HIC of BSA
(Fig. 9). Key: fresh column fed with 0.25 mg⋅mL-1 (open squares); regenerated
column fed with 1 mg⋅mL-1 BSA (filled squares); fouled column fed with 0.5
mg⋅mL-1 (open circles).
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<0.05% HMW) cf. the initial feed (63.6% monomer, 21.8% 2–4 mer,
14.6% HMW), but raising the BSA feed concentration applied impaired
both operational capacity and purity profile.

Ultimately, two factors compromise the effective use of continuous
TCZR-HIC in this work, namely: (i) the low protein binding capacity of
Butyl Sepharose 4 Fast Flow and other traditional HIC media, especially
at low ionic strengths; [45,61] and (ii) the high content of strongly
binding higher order species in BSA feeds, which accounted for 23 –
36.4% of the mass depending on the concentration employed. The low
binding capacity issue calls for the development of new high-capacity
media with heightened sensitivity to temperature [53,69-71]. Aggre-
gate levels in mAbs post-capture are typically an order of magnitude
lower than for BSA [72,73] and must be reduced to <1% in final mAb
formulations [74]. It follows that TCZR-HIC might be attractive for
removal of trace level soluble aggregates from monoclonal antibodies.
Monoclonal antibodies are significantly more thermostable than BSA
[75-80] meaning that higher temperatures could be used to enhance
binding at low salt concentrations.
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