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ABSTRACT    

With the recent development of biomaterials and biodevices with reduced dimensionality, it is critical 

to comprehend protein adhesion processes to nanoscale solid surfaces, especially those occurring in a 

competitive adsorption environment.  Complex sequences of adhesion events in competitive adsorption 

involving multicomponent protein systems have been extensively investigated, but our understanding is 

still limited primarily to macroscopic adhesion onto chemically simple surfaces.  We examine the 

competitive adsorption behavior from a binary protein mixture containing bovine serum albumin and 

fibrinogen at the single protein level.  We subsequently evaluate a series of adsorption and displacement 

processes occurring on both the macroscopic homopolymer and nanoscopic diblock copolymer surfaces, 

while systematically varying the protein concentration and incubation time.  We identify the similarities 

and dissimilarities in competitive protein adsorption behavior between the two polymeric surfaces, the 

former presenting chemical uniformity at macroscale versus the latter exhibiting periodic nanointerfaces 

of chemically alternating polymeric segments.  We then present our novel experimental finding of a 

large increase in the nanointerface-engaged residence time of the initially bound proteins and further 

explain the origin of this phenomenon manifested on nanoscale diblock copolymer surfaces.  The 

outcomes of this study may provide timely insight into nanoscale competitive protein adsorption that is 

much needed in designing bioimplant and tissue engineering materials.  In addition, the fundamental 

understanding gained from this study can be beneficial for the development of highly miniaturized 

biodevices and biomaterials fabricated by using nanoscale polymeric materials and interfaces.   
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INTRODUCTION 

Protein adsorption to solid surfaces is a widespread phenomenon that crucially impacts a range of 

applications such as biomedical devices, biosensing, food processing, biofouling, bioreactors and 

disease diagnostics.1-3  In particular, these technologically relevant applications typically involve 

adsorption environments in which multiple protein components simultaneously participate in the surface 

adhesion.  Therefore, under these realistic conditions, it is necessary to consider the competitive and 

cooperative adsorption of proteins in a multicomponent mixture rather than that of a single type.  These 

multicomponent scenarios present rich and complex adhesion processes that may involve sequential 

exchanges of surface-bound proteins over time.  In this regard, numerous research efforts have been 

made for the past fifty years in order to understand various competitive surface adsorption processes of 

different protein mixtures.1-13   

More recently, understanding single and multi-component protein adsorption behaviors on reduced 

surface dimensions has also become important with the rapidly increasing demand for miniaturization of 

biomaterials and biodevices in various in vivo and in vitro applications.14-22 Hence, considerable 

research interests on nanoscale protein adsorption have arisen, focusing on the behavior of individual 

biomolecules rather than their ensemble characteristics.  As a result, unique protein adhesion 

phenomena, much different than those results from adsorption onto macroscopic scale surfaces, could 

be revealed at the nanoscale, especially when the physical dimensions of the underlying surface reaches 

close to the size of an individual protein.23-29  A suite of experimental techniques including 

ellipsometry,19,30 quartz crystal microbalance (QCM),19,31 surface plasmon resonance (SPR),32-34 

fluorescence-based optical microscopy,34-36 X-ray photoelectron spectroscopy (XPS),37,38 and atomic 

force microscopy (AFM)20,30,35,39 can be effectively employed for protein adsorption studies in general.  

However, many cases of the aforementioned nanoscale investigations, requiring a high resolution 

imaging technique capable of resolving both the nanoscopic details of an underlying surface as well as 

the subdomain features of individual biomolecules, resorted mainly to AFM.   
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In particular, nanoscale adsorption behaviors of single component proteins onto polymeric surfaces 

have been examined previously by us and others by employing the highly surface-sensitive AFM 

imaging technique and successfully revealing the topographic details present on both the polymeric 

templates and individual proteins.23-29,40-42  Interesting protein adsorption phenomena have been 

elucidated from these research efforts.14-16  A highly selective behavior was identified from serum 

albumins (SAs) and other globular proteins on nanoscale diblock copolymer surfaces in which proteins 

were found to discriminatorily adsorb to preferred polymeric blocks.23,26  In contrast, more neutral and 

protein concentration-dependent adsorption behaviors were observed from investigating elongated 

fibrinogen (Fg) proteins.29  For this elongated protein, the strongly biased adsorption to a favored 

polymeric block was seen only at high protein concentrations.  However, at low concentrations, both the 

preferred and non-preferred polymeric blocks played a role in the adsorption process via protein 

subdomain-specific interactions with different polymer segments.  These earlier studies have embarked 

on a significant step forward in identifying and understanding nanoscale protein adsorption behavior.  

Yet, our understanding of nanoscale protein adsorption is still far from being complete and, at present, 

pertains to a single component system.  Such knowledge cannot be carried over to effectively predict 

more complex nanoscale adsorption processes involving different types of proteins. 

Valuable insight into multi-component protein adsorption can be gained from hemostasis/thrombosis 

and biomaterial investigations, although they are in the realm of macroscopic and bulk-scale processes.  

A vast amount of research has been conducted in the areas of plasma proteins and biomedical implant 

materials.1-13,30,37-39  Common protein molecules examined in these studies include plasma protein 

components such as SAs, immunoglobulins, and Fg.10  When different proteins are exposed to a solid 

surface under a competitive adsorption environment, proteins preferentially bound on the surface during 

early time periods may be displaced by other proteins in the mixture as the competitive adsorption 

process continues.  This general phenomenon of protein exchange in multicomponent protein adsorption 

is now often referred to as the Vroman effect.4-9,11-13  From the spearheading research first carried out 

with dilute blood plasma protein mixtures,6,11 it is now well-documented that competitive protein 
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adsorption processes involve a dynamic series of adsorption/desorption and displacement events in 

which protein species with lower molecular weights, initially arriving at a surface for adsorption to the 

solid, are later replaced by protein species with higher molecular weights.    

Although this general process of Vroman exchange is well known and widely accepted, many aspects 

of the Vroman effect, including the exact molecular mechanism underlying the process and the precise 

composition of the adsorbed protein layer from a multicomponent mixture, are still under active 

investigation.  Specifically with regard to nanoscale protein adsorption, it is not known how the 

competitive adhesion behavior will be manifested on the surfaces of reduced dimensions and to what 

extent the macroscopic Vroman effect will scale down in nanoscale protein adsorption.  Yet, a better 

understanding of the competitive protein adsorption characteristics at the nanoscale will be beneficial 

not only in advancing our fundamental knowledge but also in improving biomedical technology.  

Improved understanding of the competitive adsorption behavior of proteins exhibited at the nanoscale 

may also result in new thermodynamic and kinetic information as well as the development of 

nanobiomaterials and nanobiosensors with novel functionalities.   

In this study, we undertook the challenge of revealing competitive protein adsorption processes 

specific to a nanosized surface regime using a model, binary protein mixture.  Specifically, we examine 

the competitive protein adsorption characteristics of a dual-component protein system of bovine serum 

albumin (BSA) and fibrinogen (Fg) and further elucidate the time- and concentration-dependent protein 

adsorption profiles on both chemically uniform and alternating polymeric surfaces at the individual 

protein level.  We determine that the time-dependent transition behaviors of surface-bound proteins 

differ significantly on the polymeric surfaces of polystyrene (PS) homopolymer versus polystyrene-

block-polymethylmethacrylate (PS-b-PMMA) diblock copolymer.  The two polymeric systems 

represent adsorption cases in the absence of nanointerfaces for PS, i.e. presenting a chemical uniform 

surface at the macroscopic level, and in the presence of periodic nanointerfaces for PS-b-PMMA, i.e. 

presenting chemically alternating domains separated by PS:PMMA interfaces at the nanoscale.  The 

desorption inertia, the extent to which the originally bound protein component resists its displacement 
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due to other proteins in the bulk phase, is found to be much larger for a nanoscale, chemically 

alternating surface of PS-b-PMMA when compared to a similar adhesion scenario involving a 

chemically uniform surface of PS.  Specifically, BSA, which preferentially binds to both surfaces at 

early times, is displaced by Fg much more slowly in the PS-b-PMMA relative to the PS case.  This 

effect is evidenced by a significantly delayed appearance of the turnover window from BSA to Fg on 

the PS-b-PMMA surface.   

This temporally extended, residence time of the initially bound protein species on PS-b-PMMA 

pertains uniquely to a nanoscale platform whose surface consists of periodically repeating, chemical 

interfaces on the size scale of individual proteins.  We explain the origin of this significant retardation to 

the onset of a protein exchange process on the surface which is characteristically observed in nanoscale 

competitive adsorption.  Our study marks the first endeavor to illuminate competitive protein adsorption 

processes specific to a nanoscale size regime, revealing the differences in the competitive protein 

adsorption processes occurring on polymeric surfaces with and without periodic nanointerfaces on the 

size scale of individual proteins.  Such information will be highly beneficial to the functional design and 

application of biomaterials and biodevices with reduced dimensionality. 

 

 

 

EXPERIMENTAL SECTION 

Polymer substrates of PS and PS-b-PMMA were prepared from the homopolymer and diblock 

copolymer granules received from Polymer Source Inc. (Montreal, Canada).  The average molecular 

weight of PS and PS-b-PMMA (71% PS by weight) is 152 kDa and 71.4 kDa, respectively, with the 

polydispersity of 1.06.  Both chemically uniform (PS homopolymer) and alternating (PS-b-PMMA 

diblock copolymer) surfaces were made by spin coating 2 % (w/v) polymeric solutions at 3500 rpm for 

1 min on Si which was pre-cleaned with a series of solvents using ethanol, acetone, and toluene.  Phase 

separation of PS-b-PMMA was subsequently achieved via thermal annealing in an Ar atmosphere at 240 
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°C for 6 h with a transient ramp-up rate of 5 °C/min and a cooling rate of 2 °C/min.  This process 

yielded periodically alternating and chemically varying nanodomains known as half-cylinders and 

exposed repeating stripes of PS and PMMA blocks at the air/polymer interface with repeat units of 45 

nm (PS to PS distance).43,44  BSA and human plasma Fg were purchased from VWR Scientific Inc. 

(West Chester, PA).  The lyophilized powders of BSA and Fg were reconstituted in PBS buffer (10 mM 

mixture of Na2HPO4 and NaH2PO4, 140 mM NaCl, 3 mM KCl, pH 7.4) and diluted to varying 

concentrations ranging from 0.025 to 5 µg/ml.  A series of binary protein solutions was made by 

aliquoting and mixing BSA and Fg solution of desired concentrations.  The concentrations of BSA/Fg 

presented in this study are 5/0.5 µg/mL, 2.5/0.25 µg/mL, 1/0.1 µg/mL, 0.5/0.05 µg/mL and 0.25/0.025 

µg/mL.  The concentration ratio between BSA and Fg in the bulk solution was kept as 10:1 throughout 

our competitive adsorption study in order to mimic the typical range of the concentration ratio of the 

two proteins found in plasma.  A volume of 10 µL of the binary protein solution was then delivered to 

the polymeric substrates and subsequently placed in a humidity-controlled chamber and left for 

incubation for periods ranging from 5 sec to 48 h.  After the incubation period, the sample surfaces were 

carefully rinsed with 120 µL PBS multiple times, followed by a gentle drying under a stream of N2 

before AFM imaging.  Both the individual BSA and Fg proteins as well as the nanoscopic details of the 

underlying polymeric templates were profiled by performing high-resolution AFM imaging.  

Subsequently, time-lapse images for a given mixture of concentrations were acquired by imaging 

multiple, identically treated, samples with varying incubation times.  For the AFM images, the 

topography and phase scans were performed with a MultiMode 8 AFM interfaced with a Nanoscope V 

controller (Bruker Corp., Santa Barbara, CA), operating in a soft tapping mode at a scan speed of 1 Hz 

or lower using silicon tips with a typical resonant frequency of 60-70 kHz and a spring constant of 1-5 

N/m. 
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RESULTS AND DISCUSSION 

Physical and chemical characteristics of the proteins and polymeric surfaces.  SA is a heart-shaped 

protein with a molecular weight of approximately 66 kDa and is negatively charged at a physiologically 

relevant pH (pI = 4.8).10,45-47  SA is comprised of three structurally similar helical domains of I, II, and 

III, and each domain can be divided into two subdomains of A and B.48  The physical dimensions of SA 

are roughly 1.9 nm x 14 nm in height and diameter, respectively, as shown in Fig. 1.  Fg is a highly 

elongated protein also exhibiting negative charges (pI = 5.2) in a physiological environment and is 

composed of three interwoven polypeptide chains of Aα, Bβ and γ that are connected together by 29 

disulfide bonds.9,10,49  The structure of the 340 kDa dimeric protein consists of rod-like chains spanning 

roughly spherical domains of D (at the two ends) and E (at the center).  The height and length (spanning 

D-E-D domains) of Fg are approximately 2.3 nm x 55.5 nm, respectively, as shown in Fig. 1.  The 

physical and chemical characteristics of SA and Fg proteins are summarized in Table 1.  

 

Protein Molecular 

weight 

Diffusion 

coefficient 

Isoelectric 

point 

Number of 

amino acid 

residues 

Crystal cell 

dimension
a)
 

Physical 

size
b)
 

 

Concen-

tration in  

Plasma  

SA 

(PDB No: 
1E7I) 

 

66 kDa 

 

6.1 x 10-7 

cm2/s 

 

4.8 

 

~ 580 

a, b, c = 
215.7, 45.1, 
142.4 Å 

1.9 nm  

x 14 nm 

~ 40 mg/ml 

~ 600 µmol 

Fg 

(PDB No: 
3GHG) 

 

340 kDa 

 

2 x 10-7 

cm2/s 

 

5.2 

 

~ 2880 

a, b, c = 
135.24, 
94.87, 
300.81 Å 

2.3 nm  

x 55.5 
nm 

 

~ 2.5 mg/ml 

~ 7.5 µmol 

Table 1. Key physical and chemical parameters of SA and Fg are charted.  a) The values are taken from 

the protein data bank (PDB, www.rcsb.org) entry corresponding to the specified PDB number for SA 

and Fg.  b) The physical size was determined by our AFM measurements from the proteins adsorbed on 

PS. 
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BSA and Fg were chosen as the two model components in our binary protein adsorption study based 

on the wealth of knowledge on their bulk-scale and ensemble-averaged adsorption onto solid 

surfaces.21,23,29-31,33-36,50,51  In addition, the large shape difference between BSA and Fg makes the 

identification of the two protein components straightforward via topographical inspection with AFM.  A 

significant body of previous research in the area of biomaterials has provided insight on the adhesion 

phenomenon of BSA and Fg.  Using techniques such as infrared spectroscopy,21,31 fluorescence-based 

techniques,35,36,50,51 SPR,33,34 QCM,19,31 XPS,38 and AFM,23,29,30,42 the collective adsorption 

characteristics of single component proteins as well as those of multicomponent protein mixtures have 

been examined for time-dependent surface adhesion profiles and orientational changes of the surface-

bound proteins.  In particular, BSA and Fg adhesion onto polymers have been probed on biomedically 

relevant substrates such as PS, PMMA, polyethylene (PE), polyethylene glycol (PEG), polyethylene 

oxide (PEO), and polydimethylsiloxane (PDMS),42,52-57 although the majority of these previous studies 

pertained to chemically uniform, macroscopic scale, polymeric surfaces.   Regardless of the number of 

protein components in the system under investigation, these prior studies have also concentrated on the 

collective adsorption characteristics from a large number of proteins, rather than resolving the sequence 

of adsorption events at the individual protein level.  Different from the majority of the aforementioned 

past studies, our work presented in this paper focuses on the examination of individual proteins at 

relatively low surface coverage up to a monolayer.  This condition was stipulated to perform high 

resolution AFM imaging while faithfully resolving individual BSA and Fg proteins in their surface-

bound state as well as the nanoscopic topological variations of the chemically alternating PS-b-PMMA 

surface.   

PS homopolymer and PS-b-PMMA diblock copolymer are used in this study as the control and test 

surfaces, respectively, for the binary protein adsorption.  Both PS and PMMA are widely exploited as 

biomedical substrates and products,58 and their biotechnological relevance makes them suitable for our 

in-depth protein adhesion study.  In addition, PS-b-PMMA diblock copolymer provides self-assembling, 

nanoscale patterns with a repeat spacing on the order of several tens of nanometers.57,58  The surface 
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 10

consists of periodic and well-defined nanoscale surface patterns with distinctive PS and PMMA 

regions.43,44  Therefore, the PS-b-PMMA diblock copolymer offers a high density of chemical interfaces 

defined by the PS and PMMA nanodomains on its surface, unlike the PS homopolymer surface where 

no chemical interfaces are present.  With the use of the PS and PS-b-PMMA platforms, similarities and 

differences in the binary protein adsorption attributes that are correlated with the presence of nanoscopic 

features and chemical interfaces on the surface can be revealed.    

The characteristic topographies of BSA and Fg on polymeric surfaces are shown in their corresponding 

AFM panels on the left and right in Fig. 1, respectively.  Owing to this large difference in shape 

anisotropy, BSA and Fg can be easily distinguished on the polymeric surfaces by simple visual 

inspection, especially for low surface coverage regimes, even though both protein species are 

simultaneously present on the surface.   
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Figure 1. The colored ribbon structures show the two proteins under study, BSA and Fg.  The spatial 

distributions of the amino acid chains of BSA and Fg are depicted to display its heart- and rod-shaped 

form, respectively.  The AFM topography images display the typical sizes and shapes of individually 

resolved proteins adsorbed on PS foe isotropic BSA (left panel) and highly anisotropic Fg (right panel).  

Typical line analysis results of the proteins measured along the white lines in the AFM panels are found 

in the height versus distance profile for BSA (left) and Fg (right).   

 

 

Various time-lapse phases of the binary protein adsorption. For competitive adsorption of the binary 

protein mixture on the polymeric surfaces, the two proteins were first combined into a mixture and then 

delivered onto the control and test platforms.  The concentration ratio of the two proteins in the binary 

mixture was kept constant as BSA:Fg (10:1) in all our experiments, mimicking the typical range of the 

concentration ratio of the two proteins in plasma.  This ratio yields BSA:Fg of approximately 50:1 in 

terms of the number of protein molecules in the bulk solution.  By subsequently conducting time-lapse 

AFM measurements, we have identified various stages of competitive protein adsorption with 

increasing interaction time between the proteins and surface.  The key stages of the competitive 

adsorption that are readily identifiable at the individual biomolecular level are the BSA-dominant phase, 

the Fg onset phase, the Fg turnover phase, and the Fg-dominant phase.  In terms of the surface-bound 

protein counts of BSA and Fg, each of these four phases shows an approximate BSA:Fg ratio of less 

than 10:1 (BSA dominance), 10:1~5:1 (Fg onset), 5:1~1:10 (Fg turnover), and greater than 1:10 (Fg 

dominance) in our AFM panels.  Fig. 2 illustrates the progressive adsorption frames of the binary 

protein mixture on the control and test polymeric platforms.  On both PS homopolymer and PS-b-

PMMA diblock copolymer, the protein component predominantly adsorbed onto the surface initially 

was identified as BSA, with little to no Fg in view.  Examples of this BSA-dominant phase are 

presented in Fig. 2A(i) for the PS and in Fig. 2B(i) for the PS-b-PMMA case.  With increasing 

incubation time, more and more Fg molecules started to arrive and adhere to the polymeric surfaces, and 
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 12

both BSA and Fg were easily found on the surface.  At this stage, BSA molecules were still abundantly 

found on the surface, but at least one out of ten protein molecules bound on the surface was revealed as 

Fg.  Such Fg onset phase is displayed in Fig. 2A(ii) and Fig. 2B(ii) for the PS and PS-b-PMMA, 

respectively.  Upon prolonged incubation with the protein mixture, the frequency of Fg molecules 

continued to increase on the surface, whereas the relative number of BSA was reduced further.  In this 

Fg turnover phase, at least one out of five surface-bound proteins was identified as Fg.  The AFM panels 

corresponding to this stage are found in Fig. 2A(iii) for the PS and Fig. 2B(iii) for the PS-b-PMMA 

case.  With further extended incubation, Fg molecules predominantly occupied the polymeric surfaces.  

Representative AFM frames of the Fg-dominant phase are displayed in Fig. 2A(iv) for the PS and Fig. 

2B(iv) for the PS-b-PMMA platform.  The percent surface coverage of the adsorbed proteins in the 

AFM panels of Fig. 2(A and B) is approximately 3.5% (2A, i), 3.9% (2A, ii), 11.72% (2A, iii), and 

47.6% (2A, iv) for the PS case and 2.7% (2B, i), 5.2% (2B, ii), 13.0% (2B, iii), and 39.8% (2B, iv) for 

the PS-b-PMMA case.  As a frame-of-reference, the template morphologies of the two polymeric 

substrates with no adsorbed proteins can be seen in the AFM images provided in Fig. 2(C).   
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Figure 2. (A) The series of representative AFM panels display the step-by-step views of the four key 

protein adsorption stages examined by using a mixture of BSA and Fg exposed on the PS homopolymer 

surface.  The protein mixture containing 1 µg/mL BSA and 0.1 µg/mL Fg was incubated on the PS 

homopolymer surface for 1 min (i), 5 min (ii), 30 min (iii), and 4 h (iv).  (B) The sequence of AFM 

images illustrates the progressive snapshots of the competitive protein adsorption evaluated on the PS-b-

PMMA diblock copolymer surface.  The PS-b-PMMA surface was exposed to the 1 µg/mL BSA and 

0.1 µg/mL Fg mixture for 2 h (i), 3 h (ii), 4 h (iii), and 16 h (iv) to allow for competitive protein 
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adsorption.  The AFM images in (A) and (B) illustrate the typical behavior of competitive protein 

adsorption changing from the BSA-dominant phase (i), to the Fg onset phase (ii), to the Fg turnover 

phase (iii), and to the Fg-dominant phase (iv).   As a guide to the eye for distinguishing the two types of 

proteins, examples of individual BSA and Fg proteins are marked with * and ‡ in the AFM images, 

respectively.  The phase scans corresponding to each topographic panel in (B) are also displayed in the 

bottom row in order to present the two protein components as well as the two alternating domains of PS 

and PMMA underneath the proteins.  (C) The AFM images of the PS homopolymer (topography panel) 

and PS-b-PMMA diblock copolymer (left for topography and right for phase panels) surfaces without 

any bound proteins are displayed.    

 

 

Instead of the adsorption scenario of the initially bound BSA being displaced by Fg over time, an 

alternative situation of delayed but increased Fg adsorption may also lead to the progressive transition 

shown in the time-lapse images of Fig. 2.  In this hypothetical situation, Fg adsorption would occur 

delayed in time onto the surface partially covered by BSA and, without involving any BSA 

displacement, Fg molecules would predominantly accumulate with higher affinity than BSA on the 

available surface sites.  We carried out an additional AFM and fluorescence tests to examine this 

possible scenario.  We first determined the change in the average numbers of surface bound BSA and Fg 

molecules over time via direct AFM imaging.  For the mixture of 2.5 µg/mL BSA and 0.25 µg/mL Fg 

deposited for 20 sec on a PS homopolymer, the average number of the PS-bound BSA and Fg was 

found to be 150±8 and 4±2 protein molecules per 1 µm2, respectively.  After prolonged incubation of 90 

min, the surface density of the protein changed to 68±5 for BSA and 75±6 for Fg.  This observation 

clearly indicates that BSA is desorbing from the surface over time under the competitive adsorption 

environment.  We additionally examined the degree of surface-bound BSA at different incubation times 

by replacing the unlabeled BSA with fluorophore-tagged BSA (ESI, Figure S1†).  The resulting 

fluorescence intensity on the PS-b-PMMA surface showed an increased signal over time under a 
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noncompetitive adsorption environment involving only the labeled BSA.  On the other hand, a slight 

decrease in intensity was seen under a competitive adsorption involving both the labeled BSA as well as 

unlabeled Fg.  Corroborating the earlier protein density results, this observation also points to the fact 

that the initially bound BSA is being replaced over time in a simultaneous multi-component adsorption 

setting.  Hence, our experimental data presented in Fig. 2 are progressive snapshots taken from 

competitive adsorption in which Fg replaces the initially bound BSA with increasing time, rather than 

depicting the alternative case of delayed Fg adsorption in the environs of permanently bound BSA.  

The sequential scenarios presented in Fig. 2 for both the PS and PS-b-PMMA surfaces show that the 

smaller, more abundant BSA readily adsorbs from the bulk solution onto the polymeric surfaces and, 

over time, is displaced by the larger, less abundant species of Fg.  These outcomes on the PS and PS-b-

PMMA surfaces confirm that the Vroman effect is indeed seen not only from the chemically uniform 

surfaces at the macroscopic scale but also from those surfaces whose chemical compositions alternate at 

the nanoscale.  In our time-dependent protein exchange behavior, the protein species of a lower 

molecular weight (BSA) is displaced by the higher molecular kind (Fg) over time.  The initial 

adsorption of the more abundant, lighter weight BSA proteins is due to the fact that the mass transfer 

rate of a solute protein molecule is directly related to the solute concentration and inversely proportional 

to the solute molecular weight.  The faster diffusion of the more concentrated, smaller proteins leads to 

the initial adsorption on the surface.  However, larger proteins are considered to be more surface active 

as they contain more surface binding domains.  Proteins with higher molecular weights can be more 

flexible in their chain rearrangement and conform to a more energetically favored conformation, which 

can lead to irreversible adsorption.  Therefore, in the Vroman sequence,4-6,8,9,11-13  the initially adsorbed 

smaller proteins are expected to be displaced over time by other larger, more strongly interacting 

proteins.  As expected, our results on the macroscopic PS homopolymer surface corroborate the Vroman 

effect.  At the same time, our investigation carried out similarly on the PS-b-PMMA block copolymer 

surface reveals that this Vroman effect is indeed in effect for the nanoscale competitive protein 

adsorption case as well. 
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Time-resolved protein adsorption on PS and PS-b-PMMA with varying concentrations.  After 

carefully examining the different competitive protein adsorption scenarios at different time periods for 

the macroscopic surface of PS homopolymer (Fig. 3) and comparing to that of the nanoscale PS-b-

PMMA case (Fig. 4), we have identified an intriguing effect regarding the time scale associated with the 

Vroman effect.  Fig. 3 displays AFM topographic panels which correspond to the typical view frames of 

the proteins bound on the PS homopolymer surface at the specified times and BSA/Fg concentrations as 

annotated in each panel.  For the relatively high concentration mixture of 5 µg/mL BSA and 0.5 µg/mL 

Fg, the PS surface contained quite a few Fg molecules already after 5 sec in addition to BSA.  After 1 

min, the homopolymer surface was covered with many Fg and comparatively much fewer BSA 

molecules than before, with Fg making up more than 90% of the surface-bound proteins.  The PS 

surface was covered then entirely with a dense network of Fg after 5 min.  For a lower concentration 

mixture of 1 µg/mL BSA and 0.1 µg/mL Fg, the transition from BSA to Fg occurred more slowly.  For 

this combination, the PS surface was predominantly decorated with BSA even after 1 min and then 

transitioned to show some individual and small patches of Fg molecules after 5 min.  A network of 

intertwined Fg started to form after 4 h, but the surface coverage of Fg was still below a monolayer.   As 

expected, the surface coverage of the protein molecules was lower with the decreased concentration of 

the binary mixture when examined after the same duration of incubation time.  For the adsorption runs 

from the mixture of even lower concentrations of 0.25 µg/mL BSA and 0.025 µg/mL Fg, the presence 

of BSA was still persistent on the PS surface even after 30 min which slowly transitioned after 3h to the 

stage with both BSA and Fg proteins appearing on the surface.  After 16 h, Fg molecules increased in 

number and tended to assemble close by one another on the PS surface, forming small clusters from 

several Fg strands.  The surface coverage at this concentration was still far from a monolayer even after 

16 h.   
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Figure 3.  The representative AFM frames capture various time-dependent adsorption stages of the 

binary protein mixture on the PS homopolymer surface.  The images show the progression of the 

initially BSA-dominant phase (top panels) transitioning to the Fg-dominant phase (bottom panels) 

observed when using different concentrations of the BSA/Fg protein mixture.  As a guide to the eye for 

distinguishing the two types of proteins, examples of individual BSA and Fg proteins are marked with * 

and ‡ in the AFM images, respectively.   

 

 

Similar time-lapse AFM measurements and analyses were subsequently carried out on the nanoscale 

PS-b-PMMA surface for comparison.  The resulting data from the same three sets of BSA/Fg 

concentrations on the PS-b-PMMA surface are shown in the topographic panels in Fig. 4.  At the 

BSA/Fg concentration of 5 µg/mL and 0.5 µg/mL, the nanoscale surface was still covered largely by 

BSA after 30 sec.  The dominantly appearing BSA molecules were found only on the preferred PS 
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domain of the PS-b-PMMA due to the greater hydrophobic interaction of the PS domain with BSA.  At 

5 min, the PS regions were favored by both BSA and Fg, while showing a substantially increased 

number of Fg molecules and less BSA molecules than before.  After 15 min, the PS domains of the PS-

b-PMMA surface were filled with more Fg molecules, which then became the dominant species on the 

surface.  For the mixture of 1 µg/mL BSA and 0.1 µg/mL Fg, the BSA-dominant phase was still 

detected even after 2 h, and the surface slowly turned to increase the Fg footprints after 8 h.  However, 

even at 8 h, the surface was still highly rich with BSA.  At 16 h, the PS-b-PMMA surface reached an 

adsorption state in which a larger fraction of the proteins on the PS domain was identified as Fg.  At the 

even lower mixture concentration of 0.25 µg/mL BSA and 0.025 µg/mL Fg, the BSA to Fg transition on 

the surface transpired even later than the earlier two concentration sets.  Most of the proteins on the PS-

b-PMMA surface were BSA at 6 h and 24 h, only increasing the number of BSA proteins found on the 

surface with longer time.  It was only after 48 h that the PS domain on PS-b-PMMA was fully covered 

largely by Fg.  Similar to BSA, Fg adsorption exclusively populated the PS domains of the PS-b-

PMMA under our competitive adsorption setting and the PMMA regions were completely free of any 

protein adsorption.   
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Figure 4. The representative AFM frames display various adsorption stages from the competitive 

BSA/Fg adsorption onto the PS-b-PMMA surface, profiling the time-lapse views of the initially BSA-

dominant phase transitioning to the Fg-dominant phase over time at different concentrations of the 

BSA/Fg protein mixture.  Examples of individual BSA and Fg proteins are indicated with * and ‡ in the 

AFM images, respectively.   

 

 

 

The AFM panels shown in Fig. 5 are the zoomed-out views of each sample examined by utilizing the 

different polymeric platforms, protein mixture concentrations, and incubation times specified in the 

images.  When further comparing the points in time associated with the displacement of BSA by Fg 

occurring on the PS homopolymer versus PS-b-PMMA diblock copolymer surfaces, a striking 

difference was noted from the comparative time-lapse images tracking the two proteins on the two 
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polymeric surfaces in Fig. 5.  In contrast to the competitive adsorption timeline evaluated on the PS 

surface, our experimental results on the PS-b-PMMA indicate that the time to reach the BSA to Fg 

turnover state is significantly increased on the PS-b-PMMA surface.  This increase in nanointerface-

engaged residence time of the initially bound BSA was monitored in all concentration cases of the 

BSA/Fg mixture when evaluating the competitive protein adsorption scenarios occurring on the PS-b-

PMMA platform relative to those on the PS.   

 

 

Figure 5. Typical AFM panels of 500 nm x 500 nm in scan size are displayed in order to show larger 

views of the representative BSA and Fg adsorption behavior corresponding to each polymeric platform, 

protein mixture concentration, and incubation time specified in the images.  Under all scenarios of our 

competitive protein adsorption experiments, the Fg-rich surface phase occurs after significantly delayed 

time on the PS-b-PMMA relative to the PS case.  
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We also assessed Fg adsorption on the two polymeric templates separately under a non-competitive 

adsorption setting (ESI, Figure S2†).  We found that Fg adsorption is more favored on the PS-b-PMMA 

with the PS:PMMA nanointerfaces relative to the chemically uniform PS surface examined under an 

identical biodeposition condition.  Similar observations of preferred protein binding on diblock 

copolymer relative to homopolymer surfaces were reported on surfaces with nanoscopic29,40,41 and 

macroscopic59 chemical interfaces.  This phenomenon may be explained by the inherent chemical nature 

of a protein surface where various amino acid residues on the protein exterior are known to exhibit 

varying degrees of hydrophobicity/philicity and electrostatic charges.  Relative to the chemically 

uniform PS surface, the PS:PMMA interfacial areas of the diblock copolymer can serve as more 

favorable and stable binding sites towards a greater fraction of amino acids on the protein exterior.  

Hence, the slower BSA to Fg turnover time observed on the PS-b-PMMA surface in our competitive 

adsorption study is likely due to the increased BSA residence time on the PS-b-PMMA surface 

presenting the nanointerfaces, rather than by a potentially reduced affinity in Fg adsorption on the 

diblock copolymer relative to the homopolymer surface.   

 

Time associated with BSA to Fg transition on PS versus PS-b-PMMA.  The unique phenomena 

observed on the nanoscale diblock copolymer surface relative to the macroscale homopolymer were 

further ascertained by charting the surface-bound protein composition over time.  The resulting time-

dependent exchange profiles of surface-bound proteins on the control and test surfaces are presented in 

Fig. 6.  Although only the limited numbers of the representative AFM panels are shown in Figs. 3 

through 5, extensive and systematic AFM measurements were additionally carried out on both the PS 

and PS-b-PMMA surfaces at a substantial number of sampling points under varying adsorption 

conditions.  The concentrations of the BSA/Fg protein mixture tested in our extended competitive 

adsorption study at the nanoscale were 5/0.5, 2.5/0.25, 1/0.1, 0.5/0.05, and 0.25/0.025 µg/mL for PS-b-

PMMA.  To compare the results with those on a macroscale surface, the BSA/Fg concentrations of 

5/0.5, 1/0.1, and 0.25/0.025 µg/mL were selected for PS.  The incubation time of the protein mixture 
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was varied spanning from 5 sec to 48 h with over 20 different time points used for our time-lapse AFM 

investigations.   

The plots shown in Fig. 6(A) were taken from the competitive adsorption data on the PS-b-PMMA 

surface by using the five different BSA/Fg mixture concentrations as annotated.  As a comparison, the 

plots shown in Fig. 6(B) are those on PS.  The three graphs in Fig. 6(C) illustrate the differences in time 

spanning the BSA to Fg transition observed from the PS-b-PMMA (chemically alternating at the 

nanoscale) versus the PS (chemical uniformity persistent at the macroscale) polymers at different 

protein concentrations, while clearly illustrating the earlier time data.  Upon evaluating the large set of 

concentration- and time-dependent AFM images on both polymeric surfaces, the turnover from BSA to 

Fg on the PS homopolymer surface was determined to occur even before 5 sec for the BSA/Fg 

concentration of 5/0.5 µg/mL, between 1-5 min for 1/0.1 µg/mL, and between 30-180 min for 

0.25/0.025 µg/mL.  On the nanoscale PS-b-PMMA surface, on the other hand, the turnover from BSA to 

Fg took place between 2-3 min for the BSA/Fg concentration of 5/0.5 µg/mL, 30-45 min for 2.5/0.25 

µg/mL, 3-4 h for 1/0.1 µg/mL, 6-8 h for 0.5/0.05 µg/mL, and 24-36 h for 0.25/0.025 µg/mL.  The time 

to reach a Fg-dominant phase with only Fg covering all exposed PS domains of PS-b-PMMA was 

determined as 15 min, 1 h, 16 h, 24 h, and 48 h for the five sets of BSA/Fg concentrations, respectively.   
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Figure 6. (A) The dominant occurrence profiles of the BSA and Fg proteins adsorbed on the PS-b-

PMMA block copolymer surfaces are charted as a function of time at various protein concentrations as 

indicated in the legend.  (B) Protein occurrence profiles found on the PS homopolymer surfaces are 

plotted as a function of time at three different concentrations shown by using the same color-coded plots 

as (A).  (C) The three sets of graphs directly compare the time-dependent frequency profiles of the 

surface-bound protein types found on the PS-b-PMMA diblock and PS homopolymer surfaces for given 

concentrations.  The early time data are shown for easy comparison of the competitive adsorption 

behaviors on the two different polymeric templates.  

 

 

 

The timescale associated with the displacement of the initially adsorbed BSA molecules was 

determined to be much larger on the nanoscale domains of the PS-b-PMMA diblock copolymer relative 

to the PS homopolymer, which implies a significant slowdown of the onset of the Vroman effect in 
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nanoscale competitive adsorption.  This effect, confirmed with the extended set of data shown in Fig. 6, 

is also substantiated in the colored bar graphs shown in Figs. 7(A).  The bar graph displays the 

transitioning stages of the protein type found on the PS-b-PMMA and the PS templates as a function of 

time.  The early time data are clearly seen in the graphs of Fig. 7(B) and can be straightforwardly used 

to compare between the macroscopic and nanoscale adsorption cases at the three denoted 

concentrations.  The BSA-dominant, BSA/Fg turnover, and Fg-dominant phases are marked in blue, 

gradient purple, and orange, respectively.  The time associated with the transition from BSA to Fg can 

be revealed by simply identifying the location of the gradient purple block along the vertical axis in 

these bar graphs.  The dependence of protein concentration on the BSA to Fg turnover time is also 

plotted in Fig. 7(C).  The turnover time is inversely proportional to the protein mixture concentration on 

both the PS-b-PMMA diblock and PS homopolymer surfaces. 
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Figure 7. (A)  The colored bar graphs display the transitioning stages of the protein type found on the 

PS-b-PMMA and the PS templates as a function of time.  BSA-dominant phase, the Fg onset/turnover 

phases, and the Fg-dominant phase are identified in blue, gradient purple, and orange, respectively.  (B) 

The early stage behaviors of the BSA to Fg transition are captured clearly to display the apparent 

difference in time marking the Fg turnover phase between the two polymeric templates at the specified 

protein concentrations.  (C)  The times corresponding to the average turnover point from BSA to Fg are 
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plotted as a function of the protein concentration.  The red and blue data points are taken from the PS-b-

PMMA diblock and the PS homopolymer surfaces, respectively.   

 

 

Understanding the prolonged residence time and the role of nanointerfaces. The large displacement 

inertia of the originally adsorbed proteins on the PS-b-PMMA relative to the PS surface indicates that 

the initially bound BSA proteins are more stable on nanosized surfaces, resisting their desorption into 

the bulk solution over time.  This increased stability of the already surface-bound protein molecules and, 

hence, the prolonged residence time on the nanoscale template may be explained by the more 

energetically favored surface adsorption environment facilitated by the high density of the PS:PMMA 

interfaces provided by the repeating blocks of PS and PMMA.  Proteins which are highly amphiphilic in 

surface chemical compositions and properties are known to prefer the surface regions with chemical 

interfaces, and this effect is best realized when the size scale of the chemical interfaces is commensurate 

with the size of the individual proteins themselves, i.e. tens of nanometers.16,25  This interface-preferring 

adsorption of proteins was previously reported by us and others.16,23,25,59-61  Proteins in those studies 

selectively are reported to adsorb on the preferred polymeric domain, e.g. immunoglobulin G (IgG) 

found only on the PS regions of the PS-b-PMMA and PS/PMMA blend.  It has been shown that the 

protein molecules such as SA, IgG, and fibronectin (Fn) predominantly favor the PS areas closer to the 

PS:PMMA interface, when their binding affinity within the favored PS domain was further examined 

with respect to the distance from the interface.25  In these cases, the PS regions away from the interfaces 

were left largely unoccupied when the surface coverage of the proteins is low and these initially 

unoccupied PS areas away from the interfaces become populated by the proteins when loading more 

proteins to the surface.23,25,26   

The presence of the densely repeated PS:PMMA chemical interfaces in the PS-b-PMMA support may 

promote more stable and stronger adhesion of the protein to the underlying surface by satisfying the 

surface interaction needs of assorted amino acid residues with varying hydrophobicity/philicity present 
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on the exterior part of the protein molecule.  When such needs are met, it will be harder to desorb and 

displace the protein molecules once they are surface-bound, effectively making the protein inert to other 

competing desorption or displacement events and leading to the extended residence time of the initially 

bound proteins.  On the other hand, the attachment strength between the same protein molecule to the 

chemically uniform PS homopolymer will be weaker since the chemically homogeneous environment 

will limit its favored interactions with relatively smaller number of amino acids and restrict protein 

conformations on the surface.  Therefore, proteins on the PS platform will be more susceptible to 

desorption incidents into the bulk solution, providing ample opportunities for other proteins to adsorb in 

its place.   

The presence and absence of the chemical interfaces in the PS-b-PMMA versus PS templates, 

respectively, may also result in two different adsorption scenarios from the electrostatic interaction point 

of view.  On the PS surface, the faster and more abundant BSA molecules will arrive at the surface to a 

saturation coverage.  Further surface adhesion of BSA will be deterred due to the strong repulsion 

between the adjacent BSA molecules that are negatively charged at pH 7.4.  This condition may induce 

faster BSA desorption events followed by the replacement via Fg whose equilibrium binding constant is 

six- to seven-fold higher than that of BSA on a hydrophobic surface.31  On the other hand, such 

repulsive interactions among BSA molecules may be reduced on the PS-b-PMMA surface since the 

preferred adsorption domains of PS hosting surface bound BSA molecules are physically separated by 

the neighboring PMMA domains devoid of any proteins.  This environment may yield a longer retention 

time of the initially bound BSA molecules on the PS-b-PMMA.  Further work is underway to ascertain 

dominant mechanistic pathways associated with the large increase in the nanointerface-engaged 

residence time of the initially bound proteins.    

Although it is known that factors such as increased surface roughness and higher surface area to 

volume can affect protein adsorption, earlier protein adsorption studies have reported varying outcomes 

from employing roughened platforms and increased surface areas.  For example, the adsorption of SA 

and Fn on a bioceramic material with an average surface roughness of 32 nm was higher than that with a 
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142 nm roughness.62  On the other hand,  another study reported that the nanometer-scale roughness 

variation ranging from 5 to 60 nm did not result in any changes in the adsorbed amount and the 

structural stability of lysozyme.63  We note that the phenomenon observed in this study pertains to the 

PS-b-PMMA surface with an average roughness of 0.32 nm which does not differ greatly from the 

roughness value of 0.23 nm from the PS surface.29  When comparing the difference in the substrate 

roughness to the size of the individual proteins, our polymeric surfaces can be considered to be very 

smooth adsorption platforms.  In addition, both BSA and Fg exhibit a higher binding preference to the 

PS regions of the PS-b-PMMA.  When compared to the PS homopolymer surface with 100% of the 

exposed surface area being PS, the diblock copolymer presents only about 50% of the exposed surface 

in the chemical form of PS and consequently offers a much less effective surface area for protein 

binding.  Yet, our competitive adsorption study shows that the binding of the initially bound proteins is 

much stronger on the PS-b-PMMA surface than that on PS.  From these reasons, the effect found in our 

experiments is believed to have originated from the chemical interfaces repeatedly presented on the 

nanoscale PS-b-PMMA surface, not from the factors associated with increased surface roughness or 

specific surface area.  Hence, the physical-chemical uniqueness of the PS-b-PMMA diblock copolymer 

surface, simultaneously providing chemical heterogeneity and reduced dimensionality, is imperative in 

inducing the prolonged residence time of the initially bound proteins in competitive protein adsorption.   

From the fundamental research standpoint, our experimental findings provide deeper insight into 

competitive protein adsorption behavior that can encompass nanoscale size regimes. We ascertain the 

similarities and dissimilarities in the time-dependent protein adhesion characteristics that manifest on 

macroscopic versus nanoscopic polymeric supports.  From the biotechnological viewpoint, our work 

reveals that the use of nanomaterials in biomaterial and biosensor applications, specifically the 

employment of solid surfaces providing chemical interfaces in the size range of several tens of 

nanometers, can result in reduced dimensionality- and chemical interface-driven, surface-bound 

proteins’ resistance to desorption by other competing protein molecules in bulk solution.  This 

phenomenon can be utilized in creating protein-stabilizing supports for implant materials and in tissue 
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engineering, as well as further be exploited to produce antifouling biomedical detection and delivery 

devices resistant to nonspecific adsorption of undesired proteins.      

 

 

SUMMARY 

In summary, the competitive adsorption characteristics of the model binary protein mixture containing 

BSA and Fg have been examined on the PS homopolymer and the PS-b-PMMA diblock copolymer by 

clearly resolving the nanoscale topological details of the individual proteins as well as those of the 

underlying polymeric templates.  The well-known protein exchange process over time was observed 

from both the macroscopic and nanoscopic polymeric surfaces, in which the initially bound BSA 

molecules on both the homopolymer and diblock copolymer surfaces were later replaced by Fg.  The 

key stages of the overall turnover processes from the BSA- to Fg-covered phases were identified at 

various protein concentrations and incubation times by acquiring extensive time-lapse images at the 

individual protein level from a large set of protein-bound surfaces.  The time-dependent protein 

displacement events on the chemically uniform and alternating polymeric surfaces in the absence and 

presence of nanoscale chemical interfaces, respectively, were then systematically compared.  In contrast 

to the macroscopic, chemically uniform PS surface, a unique phenomenon was identified on the 

nanoscale PS-b-PMMA surface pertaining to a large increase in the nanointerface-engaged residence 

time of the initially bound BSA.  The pronounced retardation to the onset of the protein displacement 

process and the inertia of the originally bound protein in the presence of other competing protein 

molecules in the bulk solution were explained by the existence of the periodic PS and PMMA chemical 

interfaces on the size scale equivalent to the individual proteins.  The nanospaced chemical interfaces 

provide more stable and stronger attachment sites for both hydrophobic and hydrophilic binding 

moieties on the exterior of the protein, rendering the once-adsorbed protein more inert to the competing 

events of desorption and displacement on the nanoscale template.  The insights gained from this study 

on competitive protein adsorption on nanoscale surfaces, particularly the significant slowdown of the 
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time-dependent protein exchange process commonly known as Vroman effect, will be valuable in 

developing biomaterials, biosensors, and biomedical devices with reduced dimensionality functioning in 

highly miniaturized formats.  
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Footnote 

†Electronic supplementary information (ESI) available: Fluorescence data on competitive and 

noncompetitive protein adsorption (Fig. S1) and AFM data of Fg adsorption on PS and PS-b-PMMA in 

a non-competitive case (Fig. S2).   
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TOC Graphics 

 

We elucidate nanointerface effects on competitive protein adsorption behaviors at the individual protein 

level and present findings on protein residence time uniquely observed on nanoscale polymeric surfaces. 
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