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Abstract
The development of higher-throughput, potentially lower-cost means to isolate proteins, for a variety of end uses, is of 
continuing emphasis. Polypropylene (PP) capillary-channeled polymer (C-CP) fiber columns are modified with the biotin-
binding protein streptavidin (SAV) to capture biotinylated proteins. The loading characteristics of SAV on fiber supports were 
determined using breakthrough curves and frontal analysis. Based on adsorption data, a 3-min on-column loading at a flow 
rate of 0.5 mL min−1 (295.2 cm h−1) with a SAV feed concentration of 0.5 mg mL−1 produces a SAV loading capacity of 1.4 
mg g−1 fiber. SAV has an incredibly high affinity for the small-molecule biotin (10−14 M), such that this binding relationship 
can be exploited by labeling a target protein with biotin via an Avi-tag. To evaluate the capture of the biotinylated proteins on 
the modified PP surface, the biotinylated versions of bovine serum albumin (b-BSA) and green fluorescent protein (b-GFP) 
were utilized as probe species. The loading buffer composition and flow rate were optimized towards protein capture. The 
non-ionic detergent Tween-20 was added to the deposition solutions to minimize non-specific binding. Values of 0.25–0.50% 
(v/v) Tween-20 in PBS exhibited better capture efficiency, while minimizing the non-specific binding for b-BSA and b-GFP, 
respectively. The C-CP fiber platform has the potential to provide a fast and low-cost method to capture targeted proteins for 
applications including protein purification or pull-down assays.
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Introduction

Purification of proteins and antibodies from complex biolog-
ical samples has grown as a key process in the biotechnology 
and pharmaceutical industries, offering diverse applications 
in diagnostics, therapeutics, and fundamental biochemical 
research [1–3]. A wide range of innovative uses, including 
recombinant protein therapies, monoclonal antibody-based 
treatments, and the emergence of personalized medicine, 
have fueled the development of new separation technolo-
gies [4, 5]. The escalating need for proteins and antibod-
ies for diverse applications has catalyzed the expansion of 
the global chromatography market. As of 2020, the market 
for chromatography resins has exceeded a value of US $6.0 

billion [6]. To address the issues of purifying specific tar-
gets, new ligands and resin materials have been introduced to 
improve separation efficiency. Significant progress has been 
achieved in the development of affinity-based enrichment 
methodologies during the past few decades, particularly in 
the areas of ligand discovery, resin development, and process 
optimization [7, 8].

Affinity-based purification relies on the specific binding 
of the target molecule to a ligand immobilized on a solid 
support. Biotin tagging of target molecules has widespread 
applications in protein purification, antibody isolation, and 
bioconjugation techniques [9, 10]. Due to its extremely high 
affinity for biotin, streptavidin (SAV) is widely used as the 
capture ligand in the case of biotinylated protein purifica-
tions. With a dissociation constant (KD) of 10−14 M, the 
streptavidin-biotin interaction is considered as one of the 
strongest non-covalent interactions known, allowing for 
highly specific and stable binding [11]. Because of the low 
contributions to further non-specific binding and coincident 
rapid binding kinetics, the streptavidin-biotin interaction is 
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a highly efficient approach for purifying biomolecules. This 
methodology has been used for a variety of purposes, includ-
ing target protein purification, proteomics, protein pull-down 
assays, and the investigation of protein-protein interactions 
[12, 13]. However, even with such a strong interaction of 
the streptavidin-biotin complex, non-specific binding can 
occur, most commonly with the support material, resulting 
in lower target protein purity and yield [14]. The choice of 
solid support, thus, has aspects of surface coverage, non-
specific binding, mass transfer kinetics, processibility, and 
ultimately cost.

A crucial step in the effective application of streptavidin-
biotin affinity chromatography for the purification of pro-
teins and antibodies is the immobilization of SAV onto a 
solid substrate. For SAV immobilization, a number of com-
mercially available support phases have been developed over 
the years. Agarose-, acrylamide-, and sepharose-based sup-
port phases have been reported in ligand receptor and cell 
surface protein capture studies [15, 16]. Agarose, with its 
large pore size and low non-specific binding, is a popular 
choice in affinity chromatography. However, agarose support 
phases have limitations regarding low mechanical stability 
at high operating pressures in the high-performance liquid 
chromatography (HPLC) systems [17]. Streptavidin-coated 
magnetic beads are another viable support phase, allowing 
rapid initial capture from bulk solution and particle isolation 
via application of a simple magnetic field [18]. The magnetic 
beads have an iron oxide layer which can be functionalized 
with a ligand that binds streptavidin capture ligand. Various 
streptavidin magnetic bead products have been described 
for use in proteomic workflows [19–21]. Several benefits 
of magnetic beads include their high binding capacity and 
rapid kinetics. Nevertheless, magnetic beads can suffer from 
aggregation [22], leading to reduced binding efficiency and 
increased nonspecific binding. Finally, use of streptavidin 
beads in large-scale protein purification presents a consider-
able hurdle due to their high cost.

In general, reliable, stable, high-throughput, and cost-
effective supports that can deliver high ligand binding 
capacity and maximum protein capture are needed across 
the protein purification and diagnostics space. Marcus et al. 
have demonstrated the use of capillary-channeled polymer 
(C-CP) fibers as stationary phases for the isolation and puri-
fication of proteins [23–25] and of bionanovesicles includ-
ing exosomes and virus particles [25–27]. C-CP fibers can 
be extruded from base polymers of nylon-6, polypropylene, 
and polyester, presenting a range of surface hydrophobici-
ties, ionic character, and functionality. The fiber phases have 
been employed both in standard HPLC columns and spin-
down tip formats [28–30] with the latter allowing for rapid 
throughput and parallel processing. A number of relatively 
simple fiber surface modifications have been implemented 
to affect protein separation selectivity including amination 

[31], carboxylation [32], and biotinylation [33]. Interactions 
between macromolecules and the very hydrophobic polypro-
pylene (PP) C-CP fiber surface result in physical adsorption. 
This phenomenon has led to the application of these fibers 
as a support phase for the robust immobilization of protein 
A and achieving immunoglobulin G (IgG)-specific capture 
both in the column and spin-down tip formats [34–36].

Beyond their chemical characteristics towards affecting 
separations, C-CP fibers possess a distinct characteristic in 
the form of eight capillary channels that extend along their 
length. These capillary channels exhibit interdigitating prop-
erties, enabling the formation of well-aligned micrometer-
sized channels when the fibers are packed into a column 
format [23, 37]. This unique shape allows for high volume 
flow rates (1 mL min−1) with low back pressure (< 250 psi). 
Very favorable mass transfer rates are possible due to the 
non-porous surface of the C-CP fibers which facilitates faster 
protein capture [38, 39]. Moreover, C-CP fibers are fairly 
inexpensive (~ US $28 kg−1), whereas a typical microbore 
column is composed of < 1 g of support material.

In this study, the potential of PP C-CP fibers as support 
phases for the immobilization of SAV through direct adsorp-
tion is explored as a means to capture specific biotinylated 
target proteins. To achieve this, the C-CP-fiber-packed 
microbore column format was employed on an HPLC sys-
tem. Frontal analysis was performed on columns at differ-
ent ligand concentration levels and volumetric flow rates 
to determine the dynamic loading characteristics of SAV 
on the PP C-CP fibers. These results provide the optimal 
loading conditions for generating the SAV-modified protein 
capture columns. In the second part of the study, the capture 
efficiency of biotinylated bovine serum albumin (b-BSA) 
with a fluorescent tag and a biotinylated green fluorescent 
protein (b-GFP) was evaluated using the UV-Vis absorb-
ance and fluorescent detectors. Optimization of the protein 
loading conditions (e.g., flow rate and solvent composition) 
was undertaken to evaluate the balance between targeted 
protein capture and minimization of non-specific binding. It 
is believed that the C-CP fiber surface will evolve as an effi-
cient and cost-effective platform for targeted (biotinylated) 
protein capture, including preparative column formats, as 
well as spin-down tips applicable for high-throughput pull-
down assays.

Materials and methods

Chemicals and solution preparation

Deionized (DI) water was obtained from a Milli-Q purifica-
tion system (18.2 MΩ-cm, purified with Millipore, Merck, 
Germany). Gibco phosphate-buffered solution (PBS) 10× 
pH 7.4 (ThermoScientific, MA, USA) was diluted in DI 
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water to prepare 1× solution which was used as a stock PBS 
for further material dilutions. Bovine serum albumin (BSA) 
(Sigma-Aldrich, St. Louis, MO) was prepared as a stock 
solution at a concentration of 2 mg mL−1 in PBS. A 1% 
(v/v) solution of Tween-20 (VWR, Solon, OH, USA) in PBS 
was prepared as a stock Tween-20 solution. Streptavidin, 
biotinylated BSA (b-BSA) with a fluorescein fluorescent 
tag, green fluorescent protein (GFP), and biotinylated GFP 
(b-GFP) were all obtained from Integrated Micro-Chro-
matography System (IMCS) (Columbia, SC, USA) in bulk 
stock solutions of concentrations of 2.8, 3.11, 1.73, and 1.80 
mg mL−1, respectively. All further dilutions were prepared 
in PBS from the stock solutions. HPLC-grade acetonitrile 
(ACN) (VWR, PA, USA) was used for cleaning and wash-
ing columns.

C‑CP fiber column construction and instrumentation

The methodology employed for packing C-CP fibers into 
PEEK microbore (0.76 mm, i.d.) columns has been previ-
ously described [28, 35]. A similar method was used here to 
pack PP C-CP fibers into a 2.4-mm-i.d., 30-cm-long PEEK 
tubing (Trajan Scientific and Medical, USA), as an exten-
sion of the method to a pneumatically actuated pull-down 
tip is ultimately envisioned. To ensure low solution flow 
resistance, a total of 2880 PP fibers were pulled through 
the column. After the fiber-packed columns were prepared, 
ACN and DI-H2O were flushed through at a flow rate of 1 
mL min−1 using the HPLC system. The flushing continued 
until a stable baseline was achieved as determined by the 
UV absorbance detector at 216 nm. To assess the packing 
uniformity of the constructed fiber columns, the interstitial 
fraction (εi) was determined using uracil retention. The cal-
culated interstitial fraction for all the columns was found 
to be 0.78, with less than 4% variability, which ensured the 
consistency and packing uniformity of the constructed col-
umns. Once the stability was confirmed, each column was 
precisely cut into 10-cm lengths with each column contain-
ing an average of 0.3582 g of fiber material. The cleaning 
and chromatographic experiments were performed using a 
Dionex Ultimate 3000 HPLC system controlled by Chrome-
leon 7.0 software. The system consisted of an LPG-3400SD 
pump, a WPS-3000TSL autosampler, a VWD-3400RS 
UV–vis absorbance detector, and a VWD FLD detector.

Loading process and dynamic binding capacity 
of SAV column

The methodology to affect a SAV capture column towards 
biotinylated proteins follows directly from the method origi-
nally developed to immobilize protein A onto PP fibers for 
IgG capture [34–36]. The loading process and dynamic 
binding capacity (DBC) of SAV on the PP C-CP fiber 

column were measured by breakthrough curves and fron-
tal analysis. To immobilize SAV onto the PP C-CP fibers, 
a simple adsorption process was employed, where 0.5 mg 
mL−1 SAV in PBS buffer was passed through the column 
until a plateau in the absorbance response was reached indi-
cating surface saturation (3 min) as depicted in Fig. 1. As 
the solution passes over the fiber surfaces, SAV is continu-
ously adsorbed to the surface until the surface sites became 
saturated, and SAV is no longer retained. At this point, the 
optical absorbance dramatically increases to a value equal 
to that of an ambient SAV solution. The DBC50 was calcu-
lated based on the SAV feed concentration, flow rate, and 
loading time [38]. The loading time was taken as the time 
to reach 50% of feed concentration (termed DBC50) based 
on the measured optical absorbance values at 216 nm. The 
loading step was followed by a PBS wash step to return the 
absorbance to the background level. As a confirmation of 
the load amount, an elution step with 40% (v/v) ACN in 
PBS was applied to elute-off the retained SAV from the fiber 
column. If desired, a given PP fiber column could be re-used 
through the complete process, stripping the fiber surface of 
the adsorbed SAV as indicated by the return of the absorb-
ance to background levels. Exposure of the PP fibers to such 
concentrations of ACN is in fact not deleterious to the vir-
tually chemically inert olefinic surface as demonstrated in 
repeated uses of PP C-CP fiber columns in reversed-phase 
protein separations [40]. Likewise, this means of elution 
points to the hydrophobic nature of the streptavidin-PP fiber 
surface interaction. (Note that the same approach could, in 
principle, be used to harvest captured proteins from the cap-
ture column with the biotin/SAV complex remaining intact.) 
Frontal analysis was performed at a constant flow rate of 
0.5 mL min−1 through the 10-cm-long fiber columns at 
SAV feed concentrations of 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, and 
1.0 mg mL−1. Additionally, the effect of volume flow rates 
on the loading of SAV was evaluated by passing a 0.5 mg 
mL−1 solution at 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 mL min−1, 

Fig. 1   Response for the load and elution steps of SAV on 10-cm 
C-CP fiber-packed column. Loading solution: 0.5 mg mL−1 SAV, 
flow rate: 0.5 mL min−1
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corresponding to linear velocities of 57.6, 176.4, 295.2, 414, 
532.8, and 590.4 cm h−1, respectively.

Binding characteristics of biotinylated proteins 
on adsorbed SAV

Following the parametric optimization, the SAV-modified 
column was prepared by loading SAV in a PP-packed 10-cm 
column at a flow rate of 0.5 mL min−1 (295.2 cm h−1) with 
a 0.5 mg mL−1 feed concentration for 3 min. The aim of 
monitoring protein binding performance on the modified 
column was to maximize target species capture while mini-
mizing non-specific binding to ensure a selective protein 
capture strategy. The specific binding of the SAV-modified 
PP surface was assessed using two biotinylated proteins; 
biotinylated BSA (b-BSA) with a fluorescence tag and bioti-
nylated GFP (b-GFP). The concept utilized in this system 
is illustrated in Fig. 2. The integrated elution peak area 
reflects the unretained biotinylated proteins with the follow-
ing conditions: no column in-line and SAV-modified column 
in-line. The fraction of on-column unretained proteins was 
determined by taking the ratio of the peak area for the pass-
through (unretained) species to that obtained without a col-
umn. Considering the analytical signal that comes from the 
total pass through (total unretained species with no column in 
line) as 100% protein amount injected, the retained amount of 
the modified column was computed. This parameter, referred 
to as “capture efficiency” in this study, quantifies the extent 
to which proteins are retained on the column, normalized to 
a scale of 100% capture. UV detection at 216 nm was utilized 
to measure b-BSA capture, and fluorescence excitation at 
400 nm and emission at 510 nm were set to measure b-GFP 
capture. Non-specific binding on the modified surface was 
assessed from the native BSA and GFP injections. In each 
case, 4 µg of each of the respective proteins was injected onto 
the SAV-modified PP fiber column.

To assess the impact of flow rate on the binding of the 
b-BSA and b-GFP, the loading solvent buffer of 1× PBS 
introduced at volume flow rates of 0.3, 0.5, 0.7, and 0.9 mL 
min−1, or a range of 176.4–590.4 cm h−1 (0.49–1.48 mm 
s−1) in linear velocity. In order to assess and optimize the 
respective target protein capture while reducing non-specific 
binding, a systematic investigation of the loading buffer in 
the presence of the non-ionic detergent Tween-20 was evalu-
ated. Tween-20 concentrations of 0.25%, 0.50%, 0.75%, and 
1.0% in PBS (v/v) were explored. Both biotinylated proteins 
and their native counterparts were injected into the system at 
a constant loading buffer flow rate of 0.5 mL min−1.

Effects of background proteins

To evaluate the effects of background proteins on the selec-
tive capture of the b-GFP, a protein mixture comprising both 
“soft” and “hard” proteins was prepared. The protein mixture 
consisted of four proteins with equal mass of ribonuclease A, 
lysozyme, thyroglobulin, and BSA. By utilizing this protein 
mixture, the study aimed to assess the impact of background 
proteins on the selective capture of b-GFP. The inclusion 
of both “soft” and “hard” proteins in the mixture allowed 
for a comprehensive evaluation of the binding behavior and 
selectivity under these conditions. The protein mixture was 
added to b-GFP to prepare the test separate protein mixture 
with equal mass ratio of the background and test proteins. 
A 4-µg protein mixture was injected (20 μL) at a constant 
flow rate of 0.5 mL min−1. A loading solvent condition of 
0.50% (v/v) Tween-20 in PBS was used as it was shown to 
result in the lowest amount of non-specific binding of GFP.

Results and discussion

SAV loading characteristics

Streptavidin monolayers are commonly used for immobiliz-
ing biotinylated proteins, receptors, and DNA due to their 
strong binding affinity for biotin [41, 42]. In this study, the 
immobilization of SAV onto the (PP) fibers is investigated 
through a simple adsorption process. Due to its nonpolar 
molecular structure, the highly hydrophobic nature of PP 
fibers dictates that the interaction between SAV and fibers is 
primarily hydrophobic, as was the case in the protein A and 
FITC-PEG lipid application [34]. The adsorption of SAV 
on a hydrophobic surface is typically observed to be irre-
versible under normal aqueous buffer conditions [43]. The 
adsorptive ligand loading process here can potentially lead 
to improper orientation or random geometric orientation of 
the ligand molecules. Moreover, overloading of the substrate 
with the SAV capture ligand can lead to steric hindrance 
that negatively impacts the orientation and accessibility of 

Fig. 2   Typical injection profile of biotinylated proteins with (a) no 
column in-line and (b) SAV-modified column in-line
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binding sites, which in turn can affect the binding affinity 
and specificity towards the capture molecule. This issue is 
particularly concerning when working with proteins that 
possess multiple binding sites. As a result, either the support 
surface or the neighboring ligands can affect the specificity 
of the ligand.

To investigate the immobilization of SAV on PP fiber, 
dynamic binding characteristics were generated from a 
series of consecutive frontal analysis experiments. These 
experiments were conducted across a range of SAV input 
concentrations spanning from 0.05 to 1 mg mL−1. Break-
through curves were obtained in triplicate at a flow rate of 
0.5 mL min−1 (295.2 cm h−1). The determined dynamic 
binding capacities of SAV per mass fiber was plotted (as an 
adsorption isotherm) as a function of the solute concentra-
tion. Figure 3 shows that DBC50 values increased in a near-
linear fashion with the solute concentration. The dynamic 
adsorption data was successfully fit to a linear model, yield-
ing a correlation coefficient R2 of 0.999. Utilizing MAT-
LAB (MathWorks, Natick, MA, USA) software, the data 
were fit to Langmuir, Freundlich, and BET isotherm models 
[44]. The Langmuir model exhibited a fit with a correlation 
coefficient of 0.9945, with the Freundlich and BET models, 
designed for situations of multilayering or heterogeneous 

surface adsorption, yielding correlation coefficients of 
0.9978 and 0.9984, respectively. Previous investigations 
have also unveiled similar close-to-linear isotherm trends 
in diverse adsorption scenarios on C-CP fibers, such as 
FITC-PEG lipids, staphylococcal protein A on PP fibers, 
and lysozyme/BSA on PET fibers [35, 45, 46]. It is pertinent 
to note that protein A adsorption onto PP fibers exhibited 
a mildly S-shaped isotherm. However, the linear isotherm 
behavior at lower SAV concentrations aligns well with the 
isotherm characteristics of FITC-PEG lipid adsorption on PP 
fibers. Ultimately, the lack of “nonlinear” adsorption phe-
nomena in the responses suggests the absence of surface 
heterogeneity or multilayering [47]. Given the linear trend 
of the adsorption isotherm, it is plausible that the maxi-
mum capacity of the C-CP fiber column may not have been 
reached within the employed concentration range (0.05–1 
mg mL−1 SAV). However, in order to assess the binding 
capacity of biotinylated proteins on the SAV-modified PP 
surface, a nominal feed concentration of 0.5 mg mL−1 was 
adopted. This concentration provides a reasonable level of 
SAV binding on the PP surface, yielding 1.4 mg g−1 SAV 
on the fiber surface (2.7 × 10−8 mol g−1 fiber) and well in 
the range of the linear binding data. Admittedly, this con-
centration likely represents a compromise in the absolute 
protein-binding capacity, but sets a good level during these 
basic studies. Likewise, this implies that there is available 
fiber surface area wherein non-specific binding might occur.

One other consideration in the on-column loading pro-
cedure that can affect the ligand orientation and density is 
the loading flow rate. Optimization of the flow rate condi-
tion can lead to an optimum in mass transfer kinetics for 
a uniform immobilization on the fiber surface. Figure 4(a) 
represents the breakthrough curves across the variation of 
volume flow rates of SAV loading on the C-CP columns. The 
calculated DBC50 values suggest that the mobile phase flow 
rate has virtually no effect on the SAV adsorption process, 
yielding dynamic binding capacities ranging from 1.37 to 
1.41 mg g−1 of fiber, a variability of only 0.87 %RSD across 
these experiments. The uniformity of the adsorption process 
is reinforced in Fig. 4(b) where the DBC50 values are plotted 
as a function of the column residence time for different flow 

Fig. 3   Dynamic binding capacity (DBC50) of SAV on a PP C-CP 
fiber column at various feed concentrations

Fig. 4   a Breakthrough curves 
for 0.5 mg mL−1 SAV load-
ing on C-CP fiber columns at 
different flow rates. b DBC50 
plotted as a function of column 
residence time
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rates. The residence time (a function of the void column 
volume, flow rate, and the column length) can influence the 
SAV binding to the PP surface. Typically, a longer residence 
time might suggest greater probabilities for ligand adsorp-
tion onto the fiber surface, and indeed greater propensities 
for multilayering to occur. However, the case is different 
here for SAV as the DBC50 values are found to be virtually 
identical across the different flow rates. The highest flow rate 
(1 mL min−1) employed here yields a column residence time 
of 1.08 min which is sufficient for the column to reach full 
capacity. Here again, the lower residence times (higher flow 
rates) show a bit more variability in the data, but certainly 
acceptable for the pull-down application in general. Since 
the loading flow rate has minimal effect on SAV loading, a 
middle range flow rate of 0.5 mL min−1 for 3 min was cho-
sen as the SAV loading conditions for further efforts, with a 
SAV binding capacity of 1.4 mg g−1 fiber.

Capture of biotinylated proteins on SAV‑modified 
columns

The primary focus of this effort lies in the overall effective-
ness of the SAV immobilized fiber support phase for the 
successful capture of biotinylated proteins. The quality of 
any selective protein capture strategy relies on the ability 
to have maximum target species capture while minimizing 
the amount of non-specific binding. The binding of biotin 
to avidin/streptavidin is a rapid and specific process that is 
recognized as the strongest noncovalent interaction in nature 
[11]. Despite its effectiveness, non-specific binding to either 
the ligand or the support can interfere with the desired bind-
ing between biotinylated molecule and streptavidin. There-
fore, non-specific binding requires careful consideration and 
evaluation. There is no practical means to bind and elute the 
affinity-captured proteins due to the strength of the biotin-
streptavidin interaction, so that obvious means of assess-
ing binding characteristics (i.e., via the recovery response) 
is not available. Thus, the process illustrated in Fig. 2 was 
employed to characterize the fraction of native and bioti-
nylated proteins retained on-column with the former used 
as a measure of non-specifically bound retention. As will be 

shown later, the absolute dynamic binding on the column for 
b-BSA and b-GFP is 131.9 µg and 170.9 µg, respectively. 
However, in each case, 4 µg of each of the respective pro-
teins was injected onto the SAV-modified PP fiber column 
which is below the total binding capacity so that variations 
in the amount of capture can be observed across different 
conditions (i.e., flow rate, buffer concentrations) without 
evolind aspects of column overload. The amounts of native 
BSA and GFP that were retained on the SAV-modified col-
umns were compared to the amount of specifically bound, 
biotinylated versions of the proteins. The results presented 
in Fig. 5 demonstrate the capture efficiencies of b-BSA and 
b-GFP on streptavidin surfaces. It is observed that b-BSA 
exhibits a capture efficiency of 48.7% (5.4 µg g−1 fiber), 
while b-GFP shows a significantly higher capture efficiency 
of 98.7% (11.02 µg g−1 fiber). From the Avi-tag preparation 
of the biotinylated proteins, it was assumed that the bioti-
nylation rate was one biotin per GFP molecule, whereas the 
b-BSA most likely has several biotins per BSA molecule. 
Therefore, differential capture efficiency is not likely based 
on the biotinylation process, but rather the higher capture 
for b-GFP perhaps reflects the smaller globular structure 
of the protein (MW = 27 kDa) that might experience less 
steric hindrance with the SAV binding sites in comparison 
to the b-BSA (MW = 66.5 kDa) [48, 49]. However, the non-
specific binding of the native proteins is appreciable with 
BSA exhibiting a retention of 32% of the injected protein, 
whereas the native GFP is retained at a level of 20%. These 
results demonstrate the preferential ability of the target pro-
teins to bind to the SAV-modified PP fiber surfaces while 
also pointing to appreciable non-specific retention which 
must be minimized for high-quality purification and pull-
down performance.

Effect of flow rate on b‑BSA and b‑GFP capture

The optimization process of protein adhesion to SAV-modi-
fied fiber surface involves a careful balance between thermo-
dynamics and kinetics. Thermodynamics (i.e., surface affin-
ity) energetically drives the proteins to bind to the surface, 
while kinetics may impose limitations on mass transfer. As 

Fig. 5   Capture efficiencies cal-
culated from the recovery of (a) 
b-BSA and BSA injections and 
(b) b-GFP and GFP injections
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such, a unique balance may exist in that high-affinity interac-
tions can occur on faster time scales than non-selective ones, 
meaning that solution flow rate/column residence time can 
be used to potentially minimize non-specific binding in lieu 
of the targeted capture. In order to elucidate the potential 
influence of flow rate on selective capture, we present Fig. 6, 
illustrating the impact of varying flow rates on the capture 
efficiency of b-BSA and b-GFP. Mobile phase flow rates 
ranging from 0.25 to 1 mL min−1 were employed. A fourfold 
increase in solution flow rate does not yield any significant 
change in the capture efficiency for both b-BSA and b-GFP. 
This contrasts with previous protein loading experiments 
conducted on C-CP fibers where increasing the loading 
flow rate resulted in reduced protein capture [24, 35, 40]. 
The disparity in findings can be attributed to the distinct 
hydrodynamics of the analytical column employed in this 
study which allows longer residence time in comparison to 
the microbore column used in prior studies (minutes here 
versus seconds in the previous studies) [35]. Also shown in 
Fig. 6 are the corresponding retention rates for the native 
forms of the proteins. In both cases, the biotinylated proteins 
and native species show little influence regarding flow rates 
with the percentage of higher retention of the labeled species 
remaining constant. While no kinetic differences are seen 
here for specific vs. non-specific binding, experiments dis-
cussed in later sections point to definitive kinetic differences 
when both biotinylated and native species exist in the same 
solution. Overall, this data holds promise for loading bioti-
nylated proteins with higher flow rates without any decrease 
in their binding capacity and yield as seen in protein A-IgG 
studies [34]. Based on these results, a mobile phase flow 
rate of 0.5 mL min−1 was selected for further investigations.

Loading buffer composition

In the context of the selective binding performance of immo-
bilized protein surface, loading buffer composition is cru-
cial in generating high-quality binding data and optimizing 
performance. Various strategies can be employed to address 
non-specific interactions including adjustment of buffer pH, 

incorporation of protein blocking additives, elevation of salt 
concentration, and introduction of non-ionic surfactants. 
These approaches have been successfully implemented 
in diverse experimental methods to control non-specific 
interactions [50, 51]. Among the options for dealing with 
non-specific binding caused by hydrophobic interactions, 
the use of non-ionic surfactants such as Tween-20 is one of 
the most effective approaches [52]. The addition of small 
quantities of this mild detergent can effectively interfere 
with the hydrophobic interactions between the analyte (pro-
tein) and the chromatographic surface, thereby mitigating 
non-specific binding. This strategy holds the potential for 
reducing undesired interactions and improving the specific-
ity of the binding event. As indicated, Tween-20 functions 
as a gentle detergent and its influence on the bound SAV 
on the fiber was not anticipated to result in displacement or 
degradation. Experiments were conducted to confirm the 
ligand layer integrity in the presence of Tween-20 prior to 
the protein capture step, with no appreciable loss in SAV 
determined. (Further details regarding this experiment can 
be found in Supplementary Information).

To investigate the impact of mobile phase composition on 
capture efficiency and non-specific binding, Tween-20 con-
centrations ranging from 0.25 to 1% in PBS were employed 
as the mobile phase. As shown in Fig. 7, the capture effi-
ciency of b-BSA increases with the rise in Tween-20 concen-
tration. To be exact, with a fourfold increase in concentration 
(from 0.25 to 1%), the capture efficiency of b-BSA exhibits 
an increase of ~ 50%. However, it should be noted that the 
role of the surfactant on the non-specific capture of native 
BSA is not straightforward. While not explicitly evaluated, 
there may be some difference in fluorescence efficiency of 
the BSA at different concentrations of Tween. While the 
0.25% Tween results in the lowest amount of retention, the 
use of 0.5% perhaps represents the best compromise between 
selective capture and minimized non-specific binding. In 
contrast, the capture efficiency of b-GFP remains consist-
ent with the increases in Tween-20 concentration. Here, the 
non-specific GFP capture also does not follow a straight-
forward trend, although a notable decrease in non-specific 

Fig. 6   Capture efficiency 
calculated from the injection 
recovery at different flow rates 
of (a) b-BSA and BSA and (b) 
b-GFP and GFP
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capture of GFP is observed at 0.5% and 1% Tween-20 in 
PBS. These findings indicate the varying effects of Tween-
20 concentration on the capture efficiency of b-BSA and 
b-GFP. While b-BSA shows an overall increase in capture 
efficiency with increasing Tween-20 concentration, b-GFP 
exhibits a more stable capture performance. It is to be noted 
that the selective binding performance on the SAV-modified 
fiber was determined by the amount of biotinylated protein 
bound to the column in comparison to the protein loaded 
at the column by-pass position. Exploring its efficacy rela-
tive to a non-SAV-loaded column (i.e., unmodified PP fiber) 
under non-binding conditions could offer valuable insights. 
Notably, the minimal non-specific binding was observed 
at the conditions of 0.25% Tween-20 for BSA and 0.50% 
Tween-20 for GFP, presenting an avenue for assessing selec-
tive binding performance. Therefore, biotinylated proteins 
were injected under these conditions with the SAV column 
modified and unmodified. The determined protein capture 
efficiency, comparing the SAV-modified column to the bare 
PP fiber surface, yielded 55.3% (6.17 µg g−1 fiber) for b-BSA 
and 95.2% (10.63 µg g−1 fiber) for b-GFP. These findings 
establish an excellent alignment with the employed meth-
odology. In general, each specific sample type/matrix would 
require validation, use of 0.5% Tween-20 in the loading in 
PBS presents a good compromise in terms of selective cap-
ture and minimization of non-specific binding.

Dynamic binding capacity of biotinylated proteins 
and column‑to‑column reproducibility

To understand the dynamics of protein adsorption on the 
SAV-modified PP fiber surfaces, it is critical to analyze the 
breakthrough curves of the biotinylated proteins. The break-
through curves of b-BSA and b-GFP on streptavidin-modi-
fied PP fiber columns were examined, and the DBC50 of each 
protein was calculated to quantify the maximum amount of 
protein that can be loaded onto the column. Figure 8 repre-
sents the results of the frontal analysis of the breakthrough 
curves and reveals differences in the DBC50 values between 
b-BSA and b-GFP. The DBC50 for b-BSA was determined 

to be 358 µg g−1 of fiber while that for b-GFP was found to 
be higher at 464 µg g−1 of fiber. In terms of the number of 
moles adsorbed on the surface, the amount of b-GFP (1.7 
× 10−8 moles g−1 fiber) is ~ 3.2 times more than the b-BSA 
(5.3 × 10−9 moles g−1 fiber). The observed discrepancy 
in molar DBC50 values between the two proteins reflects 
their capture/loading efficiency on the column, with the far 
greater molecular weight/three-dimensional size (rStokes 3.48 
vs. 2.82 nm) of the BSA molecule limiting the molar cover-
age and perhaps overall access to the SAV-modified surface. 
The molar ratio of the DBC values for the captured b-GFP 
to the SAV surface ligand is 1:1.4, implying a high level of 
ligand utilization on the C-CP fiber phase. This high level 
of utilization provides further evidence for the existence of 
the SAV as a single-layer system.

To assess column-to-column reproducibility of protein 
binding, three SAV-modified columns were prepared and 
b-BSA and b-GFP loaded onto the columns at the concentra-
tions, flow rates, and solvent compositions described above. 
The percentage relative standard deviation (%RSD) value 
of the protein binding capacity on column was calculated 
as a measure of the process reproducibility. As presented in 
Table 1, the reproducibility of the process is outstanding, 
with the obtained variability for b-BSA and b-GFP binding 

Fig. 7   Effect of Tween-20 
concentration on the capture 
efficiency of (a) b-BSA and 
BSA and (b) b-GFP and GFP. 
Flow rate: 0.5 mL min−1

Fig. 8   DBC50 of biotinylated proteins on SAV-modified fiber columns
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of 2.30 and 5.75 %RSD, respectively, reflecting the entirety 
of the SAV loading process in column formulation as well 
as the protein capture protocol. This level of performance is 
outstanding in terms of applications in either protein purifi-
cation or pull-down applications.

b‑GFP capture efficiency in the presence 
of background proteins

The capture efficiency for a targeted protein can be greatly 
affected by non-specific binding of competitive background 
proteins to the surface which reduces the number of avail-
able binding sites. Effectively, there are kinetic and thermo-
dynamic factors to consider. As fluorescence could be read-
ily utilized (rather than absorbance) as a means of studying 
such matrix effects on the b-GFP uptake, the extent of such 
competition was studied for that case. It was determined 
that the most favorable binding condition, characterized by 
reduced non-specific GFP binding, was achieved when using 
a loading solvent containing 0.5% Tween-20 in PBS (Fig. 9). 
The performance of b-GFP capture in the presence of back-
ground proteins was evaluated using a mixture of proteins, 
encompassing both “soft” (thyroglobulin and BSA) and 
“hard” (lysozyme and ribonuclease A) proteins [53, 54]. Fig-
ure 9 illustrates the b-GFP capture efficiency in presence of 
the background proteins. Initially, b-GFP was injected onto 
the streptavidin-modified fiber column, resulting in a cap-
ture efficiency of 91.7% and then with the prepared protein 
mixture and injected onto the column. Notably, b-GFP still 
exhibits high capture efficiency with a slight decrease and 
a capture efficiency of 81% observed in the presence of the 
protein mixture. These results demonstrate that the protein 
mixture, consisting of both “soft” and “hard” proteins, has 
only a modest impact on the selective capture efficiency on 
the SAV-modified fiber column. As discussed above, there 
is a competition between the targeted and non-specifically 
bound proteins, such that the uptake of the labeled protein 
would impede the non-specific uptake. To ascertain the affin-
ity of the background proteins to the SAV column alone, 
the protein mixture was injected onto the column without 
the presence of b-GFP. Here, the background proteins were 
retained to a level of 58% when no b-GFP was present. This 
affinity was moderately reduced to 46% in the presence of 
b-GFP within the mixture. The occurrence of non-specific 
capture remains notable even in the presence of b-GFP. It 

is important to acknowledge that the background protein 
mixture encompasses a spectrum of both “soft” and “hard” 
proteins, prone to binding with hydrophobic surfaces. More-
over, any exposed surface area of the PP substrate (under 
conditions of admitted under-loading) will contribute to 
non-specific binding. Therefore, the reduction of background 
protein interaction requires further optimization. However, 
it proves well that the rapid capture kinetics eventually pre-
clude the uptake of the native proteins in the targeted capture 
case, while the b-GFP binding performance is not affected 
significantly in the presence of background protein mixture.

Conclusions

In this work, the polypropylene C-CP fiber surface was inves-
tigated as a support phase for SAV immobilization and the 
eventual capture of biotinylated target proteins. SAV-modified 
fiber columns were prepared with 3 min on-column loading 
of SAV on to the bare fiber surface. Optimization of the SAV 
loading characteristics was performed from the frontal analy-
sis. While higher densities could be readily achieved, a SAV 
density of 1.4 mg g−1 fiber was achieved at a nominal load 
concentration 0.5 mg g−1 and 0.5 mL min−1 SAV loading 
rate. The protein capture efficiency of the modified surface 
was assessed by injecting two biotinylated proteins: b-BSA and 
b-GFP. To provide for a more selective binding strategy, with 
reduced non-specific binding, non-ionic surfactant Tween-
20 concentrations in PBS were varied as a loading solvent 

Table 1   DBC50 for b-BSA 
and b-GFP on SAV-modified 
columns and column-to-column 
variability

DBC50 of b-BSA on SAV-modi-
fied column (μg g−1 fiber)

%RSD DBC50 of b-GFP on SAV-modi-
fied column (μg g−1 fiber)

%RSD

Column 1 368.5
2.30

477.38
5.75Column 2 354.5 488.55

Column 3 348.96 427.13

Fig. 9   Effect of background proteins on b-GFP capture. Loading sol-
vent buffer: 0.5% Tween in PBS. Loading flow rate: 0.5 mL min−1
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buffer. Studying the effect of flow rate on the loading buffer 
indicated that the flow rate has minimal effect on either tar-
geted protein capture as well as the non-specific binding. The 
capture efficiency of b-GFP at optimized loading conditions 
is not appreciatively affected in the presence of background-
interacting protein mixtures. The C-CP platform demonstrates 
SAV immobilization with relatively high ligand utilization, 
while further optimization is required to reduce non-specific 
background protein interaction.

Future efforts will focus on the more practical aspect 
of capturing biotinylated antibodies from complex media, 
including protein L on the SAV-modified fiber surfaces. 
Implementation of the SAV-modified C-CP columns to a tip 
format allows for implementation in highly automated sam-
ple manipulation platforms and coupling to 96-well process-
ing formats. The binding capacities of b-BSA and b-GFP on 
SAV-modified PP surface is 358 µg g−1 (0.291 mg mL−1) 
and 464 µg g−1 (0.386 mg mL−1) fiber, respectively, achieved 
in a flow through mode in <3 min. Beyond the throughputs 
realized, per tips costs of <<$1 are very attractive in com-
parison to commercial phases. The lack of universal report-
ing standards to compare protein pull-down binding capaci-
ties among the different commercial platforms, numerous 
variable formats of immobilization, and discrepancies in the 
measurement methods (static vs dynamic) are notable [21]. 
For example, commercial phases, operated under equilib-
rium binding conditions over tens of minutes, provide pro-
tein capacities of 10× the C-CP fiber tips as applied here. 
Ultimately, the entire protein capture/elution process, costs, 
and throughput must be directly compared to the existing 
commercial processing platforms and materials in order to 
establish a benchmark for future improvements.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00216-​023-​04948-5.
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