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A more quantitative understanding of peptide entrapment and elution from otherwise
protein-repellent polyethylene oxide (PEO) brush layers will provide direction for
development of new strategies for drug storage and delivery. Here we describe criteria for
peptide integration and structural change within the PEO brush, and discuss the
reversibility of peptide entrapment with changing solvent conditions. For this purpose,
three cationic peptides were used: the arginine-rich amphiphilic peptide WLBU2, the
chemically identical but scrambled peptide S-WLBU2, and the non-amphiphilic
homopolymer poly-L-arginine (PLR). Circular dichroism (CD) was used to record the
adsorption and conformational changes of (amphiphilic) WLBU2 and S-WLBU2, and
(non-amphiphilic) polyarginine peptides, at uncoated (hydrophobic) and PEO-coated
silica nanoparticles. UV spectroscopy and a quartz crystal microbalance with dissipation
monitoring (QCM-D) were used to quantify changes in the extent of peptide elution.
Peptide conformation was controlled between disordered and α-helical forms by varying
the concentration of perchlorate ion. We show an initially more ordered (α-helical)
structure promotes peptide adsorption into the PEO layer. Further, a partially helical

peptide undergoes an increase in helicity after entry, likely due to concomitant loss of
capacity for peptide-solvent hydrogen bonding. Peptide interaction with the PEO chains
resulted in entrapment and conformational change that was irreversible to elution with
changing solution conditions in the case of the amphiphilic peptide. In contrast, the
adsorption and conformational change of the non-amphiphilic peptide was reversible. We
also evaluated the effects of peptide surface density on the conformational changes
caused by peptide-peptide interactions, and using CD, QCM-D, and UV spectroscopy,
showed that these phenomena substantially affect the rate and extent of peptide elution
from PEO brush layers. Specifically, for amphiphilic peptides at sufficiently high surface
density, peptide-peptide interactions result in conformational changes which compromise
their resistance to elution. In contrast, elution of a non-amphiphilic peptide is
substantially independent of its surface density, presumably due to the absence of
peptide-peptide interactions.
The sequential and competitive adsorption behavior of WLBU2, S-WLBU2 and PLR at
pendant PEO layers was studied by optical waveguide lightmode spectroscopy (OWLS),
time-of-flight secondary ion mass spectrometry (TOF-SIMS), CD and UV spectroscopy.
Results strongly indicate that amphiphilic peptides are able to displace non-amphiphilic
peptides that are adsorbed in PEO layers, while non-amphiphilic peptides cannot displace
amphiphilic ones. In summary, peptides of high amphiphilicity are expected to dominate
the competitive adsorption with less amphiphilic peptides in PEO layers.
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MOLECULAR ORIGINS OF PEPTIDE ENTRAPMENT IN POLYETHYLENE
OXIDE LAYERS

CHAPTER 1
INTRODUCTION
The non-fouling properties of material surfaces presenting pendant PEO chains are well
established, and considerable effort continues to be made to improve our quantitative
understanding of the protein repellent mechanisms of PEO coatings. On the other hand,
there are few reports in the literature comparing the adsorption of proteins of different
sizes to a given PEO layer, and even fewer that describe the adsorption of small proteins
or synthetic peptides at pendant PEO layers. Despite the fact that the adsorption of
sufficiently small proteins to pendant PEO brush layers is predicted theoretically, prior to
completing the work described here we had little experimentally-based, quantitative
understanding of the adsorption and function of sufficiently small peptides/proteins at
otherwise protein-repellent PEO layers.
Better understanding of the mechanisms of peptide “entrapment” within PEO layers is
very much needed, as it will provide direction for the storage and controlled release of a
variety of bioactive agents from a new array of biocompatible, functional surface
coatings. Our overall objective with this research was to begin to quantify the molecular
origins of small peptide adsorption and entrapment in surface-bound, pendant PEO layers.
In this dissertation, Chapter 2 describes criteria for integration and structural change of
peptides within the PEO brush, and discusses the reversibility of peptide entrapment with
changing solvent conditions for amphiphilic and non-amphiphilic motifs. For this
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purpose, circular dichroism (CD) was used to record the adsorption and conformational
changes of poly-L-arginine (PLR) and WLBU2 at bare (hydrophobic) and PEO-coated
silica nanoparticles. In order to elucidate the effect of structure on peptide interaction
with the PEO brushes, the solution conformation of PLR and WLBU2 peptides was
controlled between the disordered and α-helical forms by varying the solution conditions.
Chapter 3 decribes work providing an improved understanding of surface density effects
on peptide elution from PEO layers, through discussion of evidence of concentrationdependent, peptide-peptide interactions likely contributing to those effects. The
adsorption behavior of three peptides was evaluated for this purpose, including, in
addition to WLBU2 and PLR, a peptide chemically identical to WLBU2 but of scrambled
sequence (S-WLBU2).
Chapter 4 explores the sequential and competitive adsorption behavior of PLR, WLBU2
and S-WLBU2 at pendant PEO layers. Solution depletion methods and CD were used to
evaluate competitive peptide exchange and peptide conformational change at PEO-coated
silica nanoparticles. OWLS and TOF-SIMS were used to directly detect peptide
sequential and competitive adsorption on covalently-immobilized PEO layers.
The major conclusions made in this overall study are summarized in Chapter 5.
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ADSORPTION, STRUCTURAL ALTERATION AND ELUTION OF PEPTIDES
AT PENDANT PEO LAYERS
Xiangming Wu, Matthew P. Ryder, Joseph McGuire, Karl F. Schilke
School of Chemical, Biological and Environmental Engineering, Oregon State University,
Corvallis, OR 97331

Colloids and Surfaces B: Biointerfaces
http://www.sciencedirect.com/science/journal/09277765
Volume 112, Pages 23-29

4
CHAPTER 2
ADSORPTION, STRUCTURAL ALTERATION AND ELUTION OF PEPTIDES
AT PENDANT PEO LAYERS

Abstract
An experimentally based, quantitative understanding of the entrapment and function of
small peptides within PEO brush layers does not currently exist. Earlier work provided a
rationale for expecting that an ordered, compact peptide will enter the PEO phase more
readily than a peptide of similar size that adopts a less ordered, less compact form, and
that amphiphilicity will promote peptide retention within the hydrophobic region of the
PEO brush. Here we more deliberately describe criteria for peptide integration and
structural change within the PEO brush, and discuss the reversibility of peptide
entrapment with changing solvent conditions. For this purpose, circular dichroism (CD)
was used to record the adsorption and conformational changes of (amphiphilic) WLBU2
and (non-amphiphilic) polyarginine peptides at uncoated (hydrophobic) and PEO-coated
silica nanoparticles. Peptide conformation was controlled between disordered and αhelical forms by varying the concentration of perchlorate ion. We show an initially more
ordered (α-helical) structure promotes peptide adsorption into the PEO layer. Further, a
partially helical peptide undergoes an increase in helicity after entry, likely due to
concomitant loss of capacity for peptide-solvent hydrogen bonding. Peptide interaction
with the PEO chains resulted in entrapment and conformational change that was
irreversible to elution with changing solution conditions in the case of the amphiphilic
peptide. In contrast, the adsorption and conformational change of the non-amphiphilic
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peptide was reversible. These results indicate that responsive drug delivery systems based
on peptide-loaded PEO layers can be controlled by modulation of solution conditions and
peptide amphiphilicity.
Key words: peptide integration; PEO brush; WLBU2; cationic amphiphilic peptides
(CAPs); polyarginine; circular dichroism (CD)
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2.1. Introduction
In an earlier paper, we suggested the potential for surface coatings based on entrapment
of bioactive agents into PEO brush layers for short-term medical device applications [1].
In particular, strategies featuring drug-loaded but otherwise nonfouling coatings for blood
contact hold promise for enhancing the performance of medical devices, ranging from
anti-infective catheters to hemoperfusion modules with microscale flow features. Lampi
et al. [1] used optical waveguide lightmode spectroscopy (OWLS) to describe the
adsorption of poly-L-glutamic acid and the cationic amphiphilic peptide WLBU2 at
polyethylene oxide (PEO) brush layers. Circular dichroism (CD) was also used to
describe the structures of poly-L-lysine and WLBU2 at solid, hydrophobic surfaces, and
in the PEO brush. The solution structure of each peptide was controlled between
disordered and more ordered (α-helical) forms by varying the salt concentration in the
peptide solutions. Although protein adsorption at sparse PEO brush layers is predicted
and observed in practice [2-4], an experimentally based, quantitative understanding of the
adsorption and function of small peptides at PEO brush layers does not currently exist.
The results of our previous work [1] provide a rationale for expecting that a more ordered
and compact (e.g. α-helical) peptide will enter the PEO phase more readily than a peptide
of similar size that adopts a less ordered, less compact form. Furthermore, because a
hydrophobic inner core is predicted to exist in PEO brushes [5], it is expected that
amphiphilicity will promote the retention of peptides within this region of the PEO brush.
WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR) is an engineered, 24-residue
cationic amphiphilic peptide (CAP), with 13 positively charged arginine residues, and 11
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nonpolar valine or tryptophan residues. It shows substantial promise for clinical
applications, due to its wide spectrum antimicrobial activity against both Gram-negative
and Gram-positive bacteria under physiological conditions. Segregation of the positivelycharged Arg and hydrophobic Val/Trp groups onto opposing faces of an α-helix confers
the ability to disrupt bacterial cell membranes, even when immobilized [6-12]. While the
hydrophobic residues in WLBU2 make it a highly amphiphilic peptide, poly-L-arginine
(PLR) is chemically homogeneous and not amphiphilic, and thus serves as an excellent
control for the effects of amphiphilicity on peptide adsorption and entrapment in PEO
brush layers. When dissolved in water under neutral pH, PLR adopts a combination of
random and extended (e.g. polyproline-II and 2.51 helix) structures, while WLBU2
shows little appreciable stable structure [1, 6-9, 13-17]. However, in the presence of
perchlorate ion ( ClO 4 ), both peptides will adopt a rigid α-helical structure [16].
In this paper, we more deliberately describe criteria for integration and structural changes
of peptides within the PEO brush, and discuss the reversibility of peptide entrapment with
changing solvent conditions for amphiphilic and non-amphiphilic motifs. For this
purpose, circular dichroism (CD) was used to record the adsorption and conformational
changes of PLR and WLBU2 at bare (hydrophobic) and PEO-coated silica nanoparticles.
In order to elucidate the effect of structure on peptide interaction with the PEO brushes,
the solution conformation of PLR and WLBU2 peptides was controlled between the
disordered and α-helical forms by varying the concentration of perchlorate ion.
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2.2. Materials and Methods
Peptides and materials. Lyophilized 30-residue average (4.7 kDa, PDI < 1.20) synthetic
poly-L-arginine hydrochloride (PLR) was purchased from Alamanda Polymers
(Huntsville, AL). PLR was dissolved at 5.0 mg/mL in HPLC water, and separated into
1.0 mL aliquots that were frozen and thawed prior to each experiment. The 5.0 mg/mL
PLR stock was diluted to 0.2 mg/mL in HPLC water, or with 0.05 M or 0.5 M perchloric
acid (HClO4), to invoke either disordered or helical conformations, respectively.
Similarly, lyophilized WLBU2 (3.4 kDa) was purchased from GenScript (Piscataway,
NJ), and dissolved at 5 mg/mL in HPLC water and frozen in 1 mL aliquots. The WLBU2
stock solution was thawed prior to use, and diluted to 0.2 mg/mL in HPLC water, or with
0.2 M or 0.5 M HClO4. All peptides were used as supplied, without further purification.
Diluted peptide solutions were degassed for 40 min under vacuum immediately before
use.
Self-assembled PEO brush layers were formed by suspension of hydrophobic silica
nanoparticles (R816, Degussa, 190 m2/g, 10-12 nm) in Pluronic® F108 (BASF) in HPLC
water for 10 h on a rotator. About 3.3 mg/m2 of F108 are required for complete surface
coverage [18]; a 5x excess of F108 over this amount was used to ensure good coverage of
the silica nanoparticles. Uncoated and F108-coated nanoparticles were then incubated
with PLR or WLBU2 at 0.2 mg/mL under different solvent conditions, for a desired
period of time (2h to 7 d) at 20 °C. Nanoparticle concentrations (2 mg/mL and 10mg/mL)
were selected based on previous OWLS results [1], and provided either sufficient surface
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area for complete adsorption of the peptide, or a 5x excess surface area for adsorption (to
minimize peptide-peptide interactions).
Evaluation of peptide secondary structure. Peptide secondary structure in the presence
or absence of nanoparticles was evaluated in triplicate by circular dichroism (CD) using a
Jasco J-815 spectropolarimeter (Easton, MD) at 25 °C. The spectra from each of the three
replicates for each sample were nearly identical, with only slight (~5%) differences in
signal intensity; representative spectra are shown throughout. The instrument was
calibrated using 0.6 mg/mL D(+)–camphorsulfonic acid. Spectra were recorded in a
cylindrical cuvette (0.1 cm pathlength) from 185 to 260 nm in 0.5 nm increments, and 10
scans were averaged in order to increase the signal-to-noise ratio. The 0.2 mg/mL peptide
samples prepared as outlined above were filtered (0.20 µm) prior to contact with
nanoparticles and recording of CD spectra. Nanoparticles were rinsed by centrifugation
(10,000 rpm, 20 min) and removal of the supernatant, after which the pellet was
resuspended in water or HClO4 of desired concentrations, and the process repeated a total
of three times. All CD spectra were blanked against peptide-free solutions or NP
suspensions.
Stabilization of F108 coatings on OWLS waveguides. SiO2-coated OW2400c OWLS
sensors were purchased from MicroVacuum (Budapest, Hungary). Sensors were cleaned
using 3% aqueous SDS (30 min) followed by 10 min wash in 5:1:1 mixture of
H2O:HCl:H2O2 solution at 80 °C for 10 min. After cleaning, surfaces were rinsed with
water, and dried under a stream of nitrogen. The sensor surfaces were then modified by
vapor deposition of trichlorovinylsilane (TCVS, TCI America, Portland, OR). 200 μL of
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TCVS was evaporated at 20°C into a stream of dry nitrogen carrier gas, which was
directed over the waveguide surfaces for 4 hrs. The silanized waveguides were then
immersed in a solution of 5% w/v Pluronic® F108 in water, and were rotated in solution
overnight. After incubation, samples were γ-irradiated with a 60Co source to a total dose
of 3 kGy to covalently the F108 to the surface [19, 20]. The irradiated waveguides were
rinsed with water, dried with N2, and stored desiccated under N2 in the dark until used.
Measurement of the rate and extent of peptide adsorption. Peptide adsorption was
measured with an OWLS 210 instrument (MicroVacuum, Budapest, Hungary). A
Rheodyne manual sample injector was used to inject sample solutions through a flow
loop (~4.0 mL) into the OWLS flow cell. Flow rates were maintained at 50 µL/min for 40
minutes of sample adsorption time, and solution temperature was kept at 20 °C by the
internal TC heater/cooler unit. Incident angle scans were performed from -5°to 5°at a
step size of 0.01°. Both peaks of each of the transverse electric and magnetic modes were
measured to determine the relative refractive index of the surface adlayer. OWLS
experiments began with a baseline of peptide-free water or perchloric acid, followed by
injection of 0.1 mg/mL peptide in either water or perchloric acid, and a subsequent rinse
with either perchloric acid or water. A single OWLS experiment was performed for each
adsorption/rinse condition. Reproducibility of OWLS measurements is high, typically
with less than 5% variation in the plateau adsorbed mass at each adsorption/rinse step [21,
22].
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2.2. Results and Discussion
Effect of perchlorate ions on structure of PLR. Polyarginine (PLR) exhibits a
“disordered” (polyproline-II) structure in water under pH < 12, and an α-helical structure
under pH > 12 [14]. However, pH could not be used in this study to influence peptide
structure, as the silica nanoparticles used for CD would be hydrolyzed at basic pH [23].
Instead, perchlorate ions ( ClO 4 ) were used to induce the α-helical conformation of PLR
[16]. Circular dichroism spectra of PLR show it to be disordered in water, but the peptide
becomes more helical with increased concentration of perchloric acid (Figure 2.1, left).
This structural change is indicated by the change in the spectrum from a characteristic
“random coil” to “α-helix” form, as well as an increase in ellipticity at 222 nm [24-26].
Deconvolution of representative CD spectra with Dichroweb [27, 28] indicate that the
helicity of PLR increases from approximately 2% in water to 31% in 0.05 M HClO4, and
reaches 61% α-helix in 0.5 M HClO4.
Effect of perchlorate ions on structure of WLBU2. While WLBU2 is almost completely
disordered in water [9], it exhibits a high α-helix content in HClO4, increasing from 3%
in water to 15% in 0.2 M or 30% in 0.5 M HClO4, respectively (Figure 2.1, right). The
lower α-helix content observed for WLBU2, when compared to PLR at equivalent HClO4
concentrations, may be due to the lower arginine content (13 of 24 amino acids) of
WLBU2. However, computed “absolute” helicity values are dependent upon the model
implemented in the software, and should only be used for comparative purposes [24, 28].
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HClO4 concentrations above 0.5 M did not further increase the calculated helicity of
either PLR or WLBU2 in an aqueous milieu (data not shown), although WLBU2 is
reported to reach 81% α-helix in a membrane-mimetic solvent (20% trifluoroethanol) [9].
No conformational change was observed for either PLR or WLBU2 in aqueous solutions
of PEO (data not shown), indicating that peptide conformation is largely unaffected by
the presence of free PEO chains. This implies that any structural change observed in the
presence of a PEO brush is due to the unusual environment of the brush layer, and cannot
be attributed to individual PEO-peptide interactions.

Figure 2.1. CD spectra of PLR (left) in water, 0.05 M HClO4, 0.5 M HClO4 and WLBU2
(right) in water, 0.2 M HClO4, 0.5 M HClO4. Characteristic spectra for peptides in
“disordered” (random coil) and α-helix conformations are labeled.

Adsorption of disordered PLR and WLBU2. Both WLBU2 and PLR show substantially
disordered structure when dissolved in water (Figure 2.1). Our previous OWLS and CD
experiments showed that disordered poly-L-lysine (PLL) and WLBU2 have little affinity
for F108-coated surfaces [1]. Here, we applied CD to the evaluation of PLR and WLBU2
structure in the presence and absence of uncoated (hydrophobic) and F108-coated
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nanoparticles. Spectra recorded for disordered PLR in the presence of uncoated and
F108-coated nanoparticles are quite similar (Figure 2.2). The CD signal is greatly
decreased after washing the bare or coated nanoparticles one time with water. This result
indicates that the disordered peptides do not interact strongly with the nanoparticles, and
are easily eluted from bare or F108-coated surfaces. Similar behavior has been observed
for disordered PLL at hydrophobic and F108-coated OWLS sensors [1]. Presumably, the
large solution volume of the swollen, “disordered” peptide prevents penetration and
integration into the PEO brush. Slightly more PLR was retained on the bare nanoparticles,
presumably through electrostatic interactions between the positively charged guanidinium
groups and negatively charged uncoated nanoparticle surface. However, this interaction
with the bare surface is apparently too weak to cause any substantial conformational
changes in the PLR [29].

Figure 2.2. CD spectra of PLR in water, and in suspension with uncoated and F108coated nanoparticles before and after washing.
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As with PLR, the “disordered” conformation of WLBU2 in water is similar and
independent of the presence or absence of F108-coated nanoparticles. The loss of CD
signal indicates that the peptide was almost completely removed after washing with water
(Figure 2.3).
However, a substantial conformational difference was observed for WLBU2 in water and
in suspension with bare, hydrophobic nanoparticles. Unlike PLR, WLBU2 is amphiphilic
and its hydrophobic groups have great affinity for the uncoated hydrophobic surface. We
speculate that initial adsorption of the hydrophobic side-chains (which are ordered along
one face of the helical form of the amphipathic peptide) favors the formation of a
partially α-helical structure on the surface. The CD signal is only partially reduced by
washing with water, indicating that a large population of adsorbed and non-elutable
peptides remains on the nanoparticles. Figure 2.3 also suggests that the wash
preferentially removes loosely-bound “disordered” peptides, as the remaining adsorbed
peptides produce a weak yet characteristic α-helical spectrum.

Figure 2.3. CD spectra of WLBU2 in water, and in suspension with uncoated and F108coated nanoparticles before and after washing.
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Adsorption of α-helical PLR and WLBU2. As discussed above, both PLR and WLBU2
are substantially α-helical (61% and 30%) in 0.5M HClO4. The α-helix conformation of
PLR in 0.5M HClO4 was mostly independent of the presence of uncoated hydrophobic
nanoparticles (Figure 2.4, left). However, the helicity of PLR increased slightly, from 61%
to 82%, in the presence of F108-coated nanoparticles. This phenomena is more obvious
in Figure 2.4 (right), in which PLR of a lower helicity (31% in 0.05 M HClO4) was added
to suspensions of uncoated and F108-coated nanoparticles. Again, no conformational
change occurred in the presence of the uncoated nanoparticles, but an increase in helicity
(from 31% to 49%) was observed in the presence of the F108-coated nanoparticles. These
results suggest that interactions between the peptide and the hydrophobic core of the PEO
brush, in which a peptide with a small amount of initial α-helix conformation becomes
more helical as a result of contact with the brush. In contrast, a completely disordered
peptide is completely excluded from the brush and undergoes no conformational change.
Perchlorate ions stabilize a peptide’s α-helical structure by competing with water
molecules which would normally solvate the peptide, causing a loss of hydration and
promoting the intra-peptide hydrogen-binding characteristic of the α-helix conformation
[30]. Theoretical and experimental evidence suggests that a hydrophobic region that is
favorable for protein adsorption exists in the interior of a PEO brush [4, 5, 31]. A similar
effect is expected when a partially dehydrated, helical peptide penetrates into the
hydrophobic inner region of the PEO brush, promoting the peptide’s further dehydration
and increasing its helicity. Similar conformational changes in response to the

16
hydrophobic cell membrane are thought to be responsible for PLR’s cell-penetrating and
cytotoxic properties [32].

Figure 2.4. CD spectra of: (left) PLR in 0.5 M HClO4, and in suspension with uncoated
and F108-coated nanoparticles, (right) PLR in 0.05 M HClO4, and in suspension with
uncoated and F108-coated nanoparticles.

Stability of peptides at nanoparticle surfaces. The data presented thus far suggest that an
increase in α-helix conformation is associated with integration of the peptides into F108
brushes. If so, these peptides should be more resistant to elution than would peptides
which were conformationally changed but merely loosely-bound or unassociated with the
brush. Uncoated and F108-coated nanoparticles were incubated with α-helical PLR in 0.5
M HClO4 solution, and then washed twice with 0.5 M HClO4 (maintaining conditions
which promote α-helix structure). The partial decrease in CD signal after each wash with
0.5 M HClO4 (Figure 2.5) is consistent with some loss of peptide with each rinse.
However, the residual CD signal after washing indicates that considerable α-helical
peptide remained on both surfaces after rinsing them with HClO4. Importantly, the
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spectra are nearly identical in the presence or absence of F108, suggesting that the
interactions of the helical peptide with the hydrophobic surface are closely mimicked by
the apolar conditions which are expected to exist within the F108 brush [4, 5].
In contrast, however, when the nanoparticle suspensions were contacted with α-helical
PLR in HClO4 and then washed with water, the peptide was nearly completely eluted
from both F108-coated and uncoated surfaces (Figure 2.5), although a small residual
signal suggests some ordered helical form for the remaining peptides. Remarkably similar
behavior was observed for nanoparticles contacted with “disordered” peptides in water
(Figure 2.2). The bulk concentration of perchlorate ion would be greatly reduced during
washing, thus eliminating the helix-stabilizing microenvironment and allowing the
peptide to resume a “disordered” conformation. Taken together, these results suggest that
elution of peptides from the F108 brush is at once governed and controllable by bulk
solution conditions.

Figure 2.5. CD spectra of: PLR in HClO4, and in suspension with F108-coated (left) and
uncoated (right) nanoparticles before and after washing with HClO4 or water.
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Optical waveguide lightmode spectroscopy (OWLS). OWLS experiments were carried
out to verify that α-helical peptides are stably adsorbed on F108-coated surfaces, and
their rate of elution is primarily determined by solution conditions (Figure 2.6). One
obvious criticism of the CD experiments is that the F108 is not covalently linked to the
nanoparticle surface, and thus some results might be interpreted as competitive
displacement of the triblocks by the peptides (especially the inherently amphiphilic
WLBU2). Although no obvious desorption of triblocks by nisin (a CAP of similar size to
WLBU2) was observed in previous work [18, 33], we investigated peptide adsorption at
immobilized F108 brushes using TCVS-modified OWLS waveguides on which we
covalently immobilized F108 using γ-irradiation [18, 19]. Results with PLR in water
(Figure 2.6) are entirely consistent with those in this work: contact of the F108-coated
waveguide with disordered PLR resulted in negligible adsorption, while ordered peptide
adsorbed strongly. As suggested above, the adsorbed α-helical peptide was relatively
resistant to elution under helix-promoting solution conditions, but was quickly and
completely desorbed when eluted with water (which favors the “disordered” form of the
peptide, Figure 2.5).
Changes in peptide structure in F108 brushes. WLBU2 in 0.5 M HClO4 (initially 30%
helical) achieves considerable α-helix content (39%) after adsorption onto a bare
hydrophobic surface (Figure 2.7, left) and into a PEO layer (43% helical). The increase in
helicity is more obvious in Figure 2.7 (right), when WLBU2 is in 0.2 M HClO4 (initially
15% α-helical), its helicity increases to 43% after entrapment into the PEO layer.
Importantly, regardless of the initial helicity, the final α-helix content of the adsorbed
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WLBU2 is the same (43%) after adsorption into a PEO layer. This is different from the
behavior of PLR (Figure 2.4), suggesting a conformational change due to the strong
interaction between hydrophobic groups on the peptide and the hydrophobic inner region
of PEO layer. Figure 2.7 also suggests that the interaction between WLBU2 and the PEO
brush, while strong, allows for good molecular flexibility, since the final helicity of
partially-ordered WLBU2 in the PEO brush is greater than on the bare surface (Figure 2.7,
right).

Figure 2.6. Adsorption and elution profiles of PLR on an OWLS waveguide coated with
immobilized F108. Baseline was achieved using HPLC H2O or 0.5 M perchloric acid,
followed by adsorption of 0.1 mg/mL PLR in H2O or HClO4, and then elution with H2O
or HClO4. Little PLR adsorption was observed in water (∙∙∙), suggesting that aqueous
(disordered) PLR does not integrate into the F108 brush layer. α-Helical PLR adsorbed
substantially from HClO4, but was nearly completely removed from the brush by rinsing
with water (-). In contrast, PLR adsorbed from and rinsed with HClO4 (--) was only
partially eluted, suggesting stable integration of the peptide in the brush.
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Figure 2.7. CD spectra of: (left) WLBU2 in 0.5 M HClO4, and in suspension with
uncoated and F108-coated nanoparticles, (right) WLBU2 in 0.2 M HClO4, and in
suspension with uncoated and F108-coated nanoparticles.

As previously described with PLR, uncoated and F108-coated nanoparticles were
incubated with α-helical WLBU2 in HClO4 solution, and then washed with HClO4 or
water. In all cases, a small fraction of peptide was removed by washing (Figure 2.8).
However, while changing the solvent from the helix-promoting HClO4 to water (which
favors a “disordered” conformation) resulted in nearly complete loss of PLR (see Figure
2.5 and Figure 2.6), solution changes had little effect on the intensity or shape of CD
spectra of adsorbed WLBU2 (Figure 2.8). It is reasonable to expect that amphiphilicy is
the cause of this retention of WLBU2 (but not PLR) at F108-coated surfaces following a
solvent change. While WLBU2 present in the hydrophilic outer region of PEO layer
might be removed by rinsing with peptide-free buffer, an amphiphilic peptide WLBU2
which is entrapped in the hydrophobic inner region should show greater resistance to
elution than would a non-amphiphilic peptide PLR. Moreover, the WLBU2 entrapped in
the brush maintains its α-helical structure, even when the surrounding solvent has been
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changed from HClO4 to water (Figure 2.8), while entrapped PLR undergoes a helix-coil
transition in response to changes in solution conditions (Figure 2.5). Unlike the
disordered peptides (Figures 2.2 and 2.3), which do not interact with the interior of the
brush, the spectra of PLR and WLBU2 on F108-coated and uncoated hydrophobic
nanoparticles (Figures 2.5 and 2.7) are quite similar. This is consistent with partial helix
formation in the peptides, which is presumably induced by either the hydrophobic
environment at the particle surface or in the inner region of the brush.

Figure 2.8. CD spectra of: WLBU2 in HClO4, and in suspension with F108-coated (left)
and uncoated (right) nanoparticles before and after washing with HClO4 or water.

In summary, an initially more ordered (α-helical) structure promotes the adsorption of a
peptide into the PEO layer. A partially helical peptide undergoes an increase in helicity,
probably due to the loss of peptide-solvent H-bonding in the apolar region within the
brush [16, 32]. An amphiphilic peptide (e.g. WLBU2) is expected to have a much
stronger interaction with the hydrophobic inner region of the PEO layer than a nonamphiphilic one (e.g. PLR). This interaction results in entrapment and conformational
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change of the amphiphilic peptide that is irreversible with respect to elution. In contrast,
the adsorption and conformational change of non-amphiphilic peptides are reversible,
making such peptides highly elutable because of their weak interaction with the brush.

2.4. Conclusions
The results reported here direct us to expect that some minimal degree of structural order
(α-helix) is necessary for peptide entry into the PEO layer, and that peptide location
within the hydrophobic inner region of the PEO brush may result in an increase in α-helix
content. Once the non-amphiphilic peptide polyarginine (PLR) was entrapped among the
PEO chains of the F108 brush, we found it to be partially elutable as long as the same
helix-stabilizing solvent used during the adsorption step was used for elution. However,
in contact with water (which favors its disordered, non-adsorbable conformation), the
adsorbed PLR was entirely elutable.
In contrast, the amphiphilic peptide WLBU2 was highly resistant to elution in all cases,
even upon contact with a solvent which promotes its disordered form. Previously, we
suggested that the well-known helix-coil transition of homopolyamino acids (e.g. PLL or
PLR) might be used to reversibly anchor peptides or their conjugates within a PEO brush
as a novel drug-delivery strategy. It appears, however, that the property of amphiphilicity
(such as exhibited by WLBU2) is required to control peptide desorption from a PEO
brush when the bulk solution conditions are changed.
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This work provides direction for development of responsive drug delivery systems based
on modulation of solvent conditions and bioactive peptide structure within PEO brush
layers. Previous studies indicate that cationic peptides entrapped in PEO brushes are
protected from competitive elution by large blood proteins (e.g. fibrinogen) [34, 35]. In
addition, our recent work indicates that peptide-loaded brushes retain their ability to repel
fibrinogen (unpublished data). Therefore, the presence of a PEO layer at the surface of
medical devices could stabilize entrapped therapeutic peptides against competitive
desorption by blood proteins, as well as provide desirable non-fouling characteristics to
the device. Entrapment of therapeutic peptides may also support novel drug delivery
strategies (e.g., PEO-coated nanoparticle carriers) that can potentially overcome barriers
to oral delivery of peptide drugs [36]. Work currently underway in our laboratory toward
these ends features the sequential and competitive adsorption behavior of peptide and
peptide-protein mixtures at pendant PEO brush layers, and will contribute to the subject
of future reports.
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CHAPTER 3
CONCENTRATION EFFECTS ON PEPTIDE ELUTION FROM PENDANT PEO
LAYERS

Abstract
In earlier work, we have provided direction for development of responsive drug delivery
systems based on modulation of structure and amphiphilicity of bioactive peptides
entrapped within pendant polyethylene oxide (PEO) brush layers. Amphiphilicity
promotes retention of the peptides within the hydrophobic inner region of the PEO brush
layer. In this work, we describe the effects of peptide surface density on the
conformational changes caused by peptide-peptide interactions, and show that this
phenomenon substantially affects the rate and extent of peptide elution from PEO brush
layers. Three cationic peptides were used in this study: the arginine-rich amphiphilic
peptide WLBU2, the chemically identical but scrambled peptide S-WLBU2, and the nonamphiphilic homopolymer poly-L-arginine (PLR). Circular dichroism (CD) was used to
evaluate surface density effects on the structure of these peptides at uncoated
(hydrophobic) and PEO-coated silica nanoparticles. UV spectroscopy and a quartz crystal
microbalance with dissipation monitoring (QCM-D) were used to quantify changes in the
extent of peptide elution caused by those conformational changes. For amphiphilic
peptides at sufficiently high surface density, peptide-peptide interactions result in
conformational changes which compromise their resistance to elution. In contrast, elution
of a non-amphiphilic peptide is substantially independent of its surface density,
presumably due to the absence of peptide-peptide interactions. The results presented here
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provide a strategy to control the rate and extent of release of bioactive peptides from PEO
layers, based on modulation of their amphiphilicity and surface density.
Keywords: peptide elution; PEO brush; WLBU2; cationic amphiphilic peptides;
polyarginine; circular dichroism (CD); α-helix; coiled-coils
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3.1. Introduction
In an earlier paper [1], we used circular dichroism (CD) to evaluate the structures of polyL-arginine (PLR) and the cationic, amphiphilic peptide (CAP) WLBU2 in pendant PEO
layers, as well as the reversibility of peptide location in such layers with changing solvent
conditions. Those results indicated that some minimal degree of structural order (α-helix)
is necessary for peptide entry into the PEO layer, and that peptide location within the
hydrophobic inner region of the PEO brush may result in a cooperative increase in αhelix content. In addition, while peptide interaction with the PEO chains resulted in
entrapment and conformational change that was irreversible to elution with changing
solution conditions in the case of WLBU2, the adsorption and conformational change of
the non-amphiphilic PLR was reversible.
Current work underway in our laboratory features the sequential and competitive
adsorption behavior of peptides, including WLBU2 and PLR, at pendant PEO brush
layers. In sequential adsorption experiments it is necessary to vary surface density of the
first peptide introduced to the layer in order to properly interpret its replacement by the
second peptide introduced. We determined during the course of these experiments that
our previous conclusion of entrapment and conformational change being irreversible to
elution for the amphiphilic WLBU2 was contextual, being valid only when its surface
density is sufficiently low. Our objectives with this paper are to establish an improved
understanding of surface density effects on peptide elution from PEO layers, and to
provide evidence of concentration-dependent, peptide-peptide interactions likely
contributing to those effects. The adsorption behavior of three peptides was evaluated for
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this purpose, including, in addition to WLBU2 and PLR, a peptide chemically identical to
WLBU2 but of scrambled sequence (S-WLBU2).

Figure 3.1. Helix wheel representations of WLBU2 (left), with face-segregation of
positively-charged Arg residues on the α-helix, and S-WLBU2 (right) which has
uniformly distributed charge.

WLBU2 is a synthetic, 24-residue CAP with 13 positively charged arginine residues, and
11 non-polar valine or tryptophan residues. It shows substantial promise for clinical
applications, due to its wide spectrum antimicrobial activity against both Gram-negative
and Gram-positive bacteria under physiological conditions [2-8]. The structure of
WLBU2 in water is substantially disordered, but the peptide gains considerable
secondary structure, involving segregation of its positively-charged and hydrophobic
groups onto opposing faces of an α-helix, in the presence of counterions, membranemimetic solvents, or bacterial membranes. Moreover, WLBU2 retains its antimicrobial
activity when immobilized at solid surfaces by a number of methods [2, 6-8]. While
chemically identical to WLBU2, the scrambled sequence of S-WLBU2 eliminates the
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ordered segregation of positively-charged and hydrophobic residues of WLBU2 during
helix formation (Figure 3.1), and is associated with a very low hydrophobic moment in
comparison to WLBU2 (0.1 vs. 10.7, respectively). PLR is chemically homogeneous and
not amphiphilic. When dissolved in water under neutral pH, PLR adopts a combination of
random coil and extended structures (e.g. polyprolone-II and 2.51 helix), while both
WLBU2 and S-WLBU2 show a random coil structure [1, 3-5, 9-13]. An α-helical
conformation can be achieved in all three peptides by addition of perchlorate ions ( ClO 4 )
[12].

3.2. Materials and Methods
Peptides and materials. Synthetic poly-L-arginine hydrochloride (PLR, n ≈ 30, Mn =
4.7 kDa, PDI < 1.20) was purchased from Alamanda Polymers (Huntsville, AL). The 24residue peptides WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR, 3.4 kDa) and the
scrambled sequence S-WLBU2 (VWRVRVRRRWRVRVWVRVRRRRVR) were
purchased from Genscript (Piscataway, NJ). All peptides were used without further
purification. Stock solutions of each peptide at 5 mg/mL in HPLC water were frozen in 1
mL aliquots, which were thawed and then diluted immediately before use to 0.2 mg/mL
in 0.2 M HClO4 (to induce α-helical conformation). Diluted peptide solutions were
degassed under vacuum immediately before use.
Self-assembled PEO brush layers were formed by suspension of hydrophobic silica
nanoparticles (R816, Degussa, 190 m2/g, 10-12 nm) in Pluronic® F108 (BASF) in HPLC
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water for 10 h on a rotator. The expected surface coverage of F108 is about 3.3 mg/m2
[14, 15]; a 5× excess of F108 over this amount was used to ensure good coverage of the
nanoparticles (NPs). Uncoated and F108-coated NPs were then incubated with PLR,
WLBU2 or S-WLBU2 (0.2 mg/mL in 0.2 M HClO4) for 2 h at 20 °C. The concentration
of NPs was varied from 1 to 10 mg/mL to provide different available surface areas for
peptide adsorption.
Evaluation of peptide structure and elutability. Peptide secondary structure, in the
presence or absence of nanoparticles, was evaluated by circular dichroism (CD) using a
Jasco J-815 spectropolarimeter (Easton, MD) at 25 °C. The spectra from each of three
replicates for each sample exhibited only slight (~5%) differences in signal intensity;
representative spectra are thus shown throughout. The instrument was calibrated with 0.6
mg/mL D(+)-camphorsulfonic acid. Spectra were recorded from 185 to 260 nm in 0.5 nm
increments (0.1 cm path length), with 5 scans recorded and averaged in order to increase
the signal-to-noise ratio. All peptide solutions were filtered (0.20 µm) prior to contact
with NPs and recording of CD spectra. All spectra were blanked against peptide-free
solutions.
After the CD measurements, the peptide-NP suspensions were rinsed by centrifugation
(10,000 rpm, 20 min) and resuspension in water; this process was repeated twice to
remove excess peptide. The amount of peptide removed in each of the supernatants from
the NPs was then quantified by UV spectrophotometry against the original peptide
solutions at 230 nm (for PLR) or 280 nm (for WLBU2 and S-WLBU2), and the total
eluted peptide calculated from this data.
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Preparation of QCM-D sensors. QSX303 silicon dioxide QCM-D sensors (Q-Sense,
Linthicum, MD) were cleaned according to manufacturer’s protocol: 10 min UV/ozone
treatment followed by immersion in 2% sodium dodecyl sulfate (SDS) for 30 min, and a
10 min rinse with HPLC water. After cleaning, sensors were dried under a stream of
nitrogen and placed in the UV/ozone chamber again for 10 min.
The sensor surfaces were then modified by vapor deposition of trichlorovinylsilane
(TCVS, TCI America, Portland, OR). 200 µL of TCVS was evaporated at 20 °C into a
stream of dry nitrogen carrier gas, which was directed over the sensor surfaces for 4 h.
The silanized, hydrophobic sensors were then incubated overnight with 5% Pluronic®
F108 in water, and then γ-irradiated to 0.3 Mrad to covalently attach the F108 to the
surface [14, 16]. The irradiated sensors were rinsed with water, dried with nitrogen, and
stored in the dark to avoid oxidation of the vinyl moieties.
Measurement of the rate and extent of peptide adsorption and elution. The adsorption
and elution of peptides were measured with a Q-Sense E4 QCM-D (Q-sense, Linthicum,
MD). QCM-D allows simultaneously measuring changes in resonance frequency (ΔF)
and energy dissipation (ΔD) of QCM-D sensors. Sample solutions were pumped across
F108-coated silica sensors at 100 µL/min, and the sample stage was held at 25 °C. QCMD experiments began with a baseline of peptide-free 0.2M HClO4, followed by
introduction of 0.1 mg/mL or 0.005 mg/mL peptide in 0.2M HClO4, and a subsequent
rinse with water. Adsorption and elution steps were each allowed to proceed for 40 min.
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3.3. Results and Discussion
Relationship between peptide surface density and peptide elution from PEO layers.
Peptide concentration at PEO-coated nanoparticle surfaces was varied by altering
nanoparticle concentration (from 1 to 10 mg/mL) in peptide-nanoparticle suspensions
with constant peptide concentration (0.2 mg/mL). More than 95% of the dissolved
peptide was entrapped in every suspension tested, corresponding to peptide surface
densities ranging from about 0.02 to 0.2 molecules/nm2. The elutability of each peptide
recorded after contact with peptide-free water is plotted against peptide surface density in
Figure 3.2.

Figure 3.2. Effect of surface peptide density on elutability of WLBU2, S-WLBU2 and
PLR from F108-coated nanoparticles.

As shown in Figure 3.2, entrapped WLBU2 showed a substantially greater concentration
dependence on elution than shown by entrapped S-WLBU2 or PLR. The high resistance
to elution at low peptide surface density is consistent with our earlier report and attributed
to association of the amphiphilic WLBU2 with PEO chain segments in the hydrophobic
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inner region of the brush [1, 14, 17]. The elutability of S-WLBU2 and PLR was less
strongly affected by the peptide surface density, and both were more elutable than
WLBU2 at all but the highest surface density tested.
S-WLBU2, while comprised of the same amino acids and carrying the same +13 charge
as WLBU2, features arginine residues alternating with valine or tryptophan to distribute
the positive charge uniformly around the α-helix (Figure 3.1). The tryptophan residues
are also distributed along the full length of the peptide. S-WLBU2 was designed to have a
very low hydrophobic moment, and these attributes are consistent with its elution from
the PEO layer being greater than that recorded for WLBU2 at low peptide surface
densities. The non-amphiphilic PLR is highly elutable from PEO layers (Figure 3.2),
which is consistent with our earlier work using CD and optical waveguide lightmode
spectroscopy [1]. The total absence of hydrophobic residues and the abundant positive
charges on all sides of PLR lead to electrostatic repulsion among peptides within the
brush, as well as making PLR highly soluble in water. In fact, the elutability of PLR is
only slightly dependent on its surface density (Figure 3.2).
WLBU2 and S-WLBU2 both exhibit substantially increased elutability at high peptide
surface densities (i.e. low nanoparticle concentrations). It is fair to expect that this high
elutability is due to intermolecular interactions, which interfere with the stable
hydrophobic association of the individual peptides within the brush, or otherwise promote
their enhanced solubility in water.
WLBU2 is highly α-helical in HClO4, and its entrapment in PEO is accompanied by a
further increase in its helicity [1]. Upon sufficiently close approach, peptides like
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WLBU2 which possess an amphiphilic-segregated α-helical conformation are able to
form α-helical, “coiled-coil” conformations. These structures, which are comprised of
two or more intertwined α-helical chains, are stabilized through multiple interchain
hydrophobic interactions [18]. For example, Zhou et al. produced a two-stranded αhelical coiled-coil consisting of two identical 35-residue polypeptides. The peptides were
designed with polar (lysine and glutamic acid) and non-polar (leucine and alanine)
residues distributed on average 3.5 residues apart, in order to form face-segregated
amphiphilic α-helices. These synthetic peptides spontaneously self-assembled into coiledcoil structures in physiological conditions [19, 20]. WLBU2 has a very similar
distribution of polar and nonpolar residues, and is thus also expected to form α-helical
coiled-coil structures at sufficiently high concentration. Such coiled-coils may consist of
two or more peptides [18, 21], and in the case of WLBU2 would likely feature a
hydrophobic interior, with an exterior dominated by positively-charged arginine groups.
Such a coiled-coil structure would be expected to behave very similarly to the highly
cationic but non-amphiphilic PLR, in terms of its interaction with the PEO brush (Figure
3.3). With respect to S-WLBU2, it has been shown [22, 23] that peptides with alternating
hydrophobic and polar residues are able to self-assemble into stable β-sheet
conformations. It is reasonable to expect that, as favorable peptide-PEO interactions
which hold entrapped peptides in place give way at high surface densities to peptidepeptide associations, the peptides become more elutable as the population of coiled-coils
increases.
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Figure 3.3. Schematic representation of WLBU2 as single-stranded amphiphilic α-helices
at low peptide surface density (left), and formation of less-amphiphilic α-helical coiledcoil structures at high peptide surface density (right). Figure not to scale.

Surface density effects on peptide structure in PEO layers. Formation of coiled-coil or
other structures associated with increasing peptide surface density and elutability should
be detectable by specific changes in the CD signal. The surface density of peptides at
uncoated (hydrophobic) and PEO-coated nanoparticle surfaces was varied as above, by
altering the nanoparticle concentration (from 1 to 10 mg/mL) in peptide-nanoparticle
suspensions with constant peptide concentration (0.2 mg/mL). CD spectra were acquired
for WLBU2 in contact with uncoated or PEO-coated nanoparticles at different peptide
surface densities (Figure 3.4).
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Figure 3.4. CD spectra of WLBU2 in 0.2M HClO4 at different peptide surface densities
on F108-coated (left) and uncoated (right) NPs.

The CD spectrum of an α-helix typically exhibits a maximum at 193 nm, and two minima
at 208 and 222 nm. An increase in the magnitude of ellipticity at 222 nm for a given
sample is associated with an increase in α-helix content [24, 25]. Deconvolution of these
CD spectra with DichroWeb [26, 27] indicate that WLBU2 in 0.2 M HClO4 exhibits 17%
α-helicity. In the presence of F108-coated nanoparticles at 1, 2, 4 and 10 mg/mL
(corresponding to decreasing peptide surface densities of 0.20, 0.18, 0.14 and 0.02
molecules/nm2), the helicity of WLBU2 was increased to 50, 65, 84 and 95%,
respectively. The increase in helicity is due to promotion of hydrogen-bonding along the
peptide backbone, which accompanies the change in microenvironment caused by
location within the hydrophobic interior of the PEO layer [1, 5, 17]. Interference with this
intra-chain hydrogen-bonding by neighboring peptides is presumably responsible for the
reduction in α-helix content observed at increased peptide surface densities (Figure 3.4,
left panel).
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While the ellipticity at 222 nm is primarily responsive to the α-helix content, the
minimum at 208 nm is itself sensitive to helix-helix interactions [20, 28]. In fact, CD has
been applied extensively to the study of the formation of α-helical, coiled-coil structures
[28-32]. In particular, the ratio, R, of the ellipticities at 222 nm and 208 nm can be used
to distinguish coiled-coils from single-stranded α-helices. Typically, a value of R > 1 (i.e.
θ222 nm > θ208 nm) is associated with coiled-coil structures, while a value of R ≤ 1 is
indicative of single-stranded α-helices [28-32]. WLBU2 exhibits a large amount of
predominantly single-stranded α-helix structure (R = 0.93) on F108-coated nanoparticles
at a surface density of 0.02 peptides/nm2 (dashed line in Figure 3.4, left panel). This
suggests that at sufficiently low peptide surface density, peptides exist mainly as single αhelical molecules (Figure 3.3, left). As the surface density of peptides increases, the ratio
R increases to values greater than unity, indicating the formation of a substantial number
of α-helical coiled-coil structures (Figure 3.3, right) [29-32].
While the CD spectra of WLBU2 adsorbed at uncoated, hydrophobic nanoparticles
(Figure 3.4, right panel) indicate an increase in α-helicity, especially at low peptide
surface density, there is no evidence of α-helical coiled-coils, as R < 1 at all of the surface
densities tested. The increase in peptide helicity is likely due to the preferential
association of the non-polar Val/Trp residues with the hydrophobic surface, which
promotes the segregation of polar and non-polar residues onto opposing sides of the
peptide and stabilizes the α-helix [14]. Electrostatic repulsion by the positively-charged
Arg residues on the solvent-exposed helix face would make formation of coiled-coil
structures unfavorable, even if the peptide surface density were high. However, peptides
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which are entrapped within a PEO brush apparently do not directly interact with the
underlying surface [16]. Thus, WLBU2 peptides entrapped in a PEO brush still form
highly-charged coiled-coil structures, with low resistance to elution, at sufficiently high
surface density.
Similarly to WLBU2, the CD spectra of S-WLBU2 in suspension with PEO-coated
nanoparticles (Figure 3.5, left panel) indicate a substantial gain (from 17 to 89%) in αhelix content after entering the brush, when the surface density is low (0.02 peptides/nm2).
However, with increasing peptide surface density, the structure adopted by the peptide
becomes β-sheet rather than α-helical coiled-coils. The CD spectra of peptides with βsheet conformation usually have a single minimum between 210 and 220 nm, and a
single maximum between 195 and 200 nm, and overall intensities much lower than the
minima consistent with α-helices [24, 25]. Deconvolution of the spectra with DichroWeb
indicate that S-WLBU2 exhibits 31% β-sheet and 53% α-helix structure at a surface
density of 0.14 peptides/nm2, has 54% β-sheet and 16% α-helix at 0.18 peptides/nm2, and
reaches 67% β-sheet with only negligible α-helix (3%) at 0.20 peptides/nm2. The amino
acid sequence of S-WLBU2 is not conducive to formation of face-segregated amphiphilic
α-helices (Figure 3.1); instead, the peptide likely extends into β-strands, isolating the
alternating non-polar residues onto one side of the sheet [23]. At sufficiently high peptide
surface densities, these β-strands may self-assemble into stable β-sheet structures
stabilized by inter-chain hydrogen-bonding and hydrophobic interactions [33].
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Figure 3.5. CD spectra of S-WLBU2 in 0.2 M HClO4 at different peptide surface
densities on F108-coated (left) and uncoated (right) NPs.

The effects of peptide concentration on the conformation of adsorbed S-WLBU2 are less
obvious at uncoated, hydrophobic surfaces than at PEO-coated surfaces (Figure 3.5, right
panel). While S-WLBU2 in a PEO brush was almost completely α-helical (89%) at the
lowest peptide surface density (0.02 peptides/nm2), the same peptide adopts a substantial
β-sheet structure (30%) on the uncoated, hydrophobic surface. Interactions between the
hydrophobic surface and the alternating, non-polar residues of S-WLBU2 likely result in
extension of the peptide chain, thus favoring β-sheet formation on the surface. Increasing
the surface density of S-WLBU2 appears only to increase the number of layers of β-sheet,
as no major conformational change is associated with increasing peptide density (Figure
3.5, right panel).
Unlike WLBU2 and S-WLBU2, PLR is a non-amphiphilic homopolymer with positive
charges which uniformly surround the α-helix. Accordingly, electrostatic repulsions are
expected to prevent peptide-peptide interactions, even at high surface density. CD spectra
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show that the helicity of PLR in 0.2 M HClO4 solution is 55%, and is increased to 65%
after contact with a PEO layer (Figure 3.6, left). Changes in surface density have little or
no further effect on the conformation of PLR, whether on PEO-coated or uncoated
hydrophobic surfaces (Figure 3.6).

Figure 3.6. CD spectra of PLR in 0.2M HClO4 at different peptide surface densities on
F108-coated (left) and uncoated (right) NPs.

In summary, interactions between peptide molecules within the PEO brush layer are
highly dependent on the properties of the peptide, specifically amphiphilicity, distribution
of polar and non-polar residues, and charge. Elution of an amphiphilic peptide from the
PEO brush layer is significantly affected by its surface density, while elution of a nonamphiphilic peptide is substantially independent of surface density. This difference in
elution behavior is attributed to peptide-peptide interactions in the former case and the
absence of such interactions in the latter.
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Direct detection of peptide adsorption and elution at covalently immobilized PEO
layers. We used QCM-D to measure the effect of surface concentration on the rate and
extent of peptide elution. Figure 3.7 shows the representative changes in resonant
frequency (ΔF) and viscous dissipation (ΔD) upon adsorption and elution of peptides
from F108-coated silica sensors [34, 35]. The decrease in frequency (indicative of an
increase in adsorbed mass) upon introduction of WLBU2 to F108-coated sensors at a
peptide concentration of 0.1 mg/mL was about three times greater than that recorded for
WLBU2 at 0.005 mg/mL (Figure 3.7, top panels). Upon elution, the frequency change
indicated rapid and substantially complete removal of WLBU2 from the PEO brush that
had been introduced at 0.1 mg/mL. However, a much slower, and only partial, removal of
WLBU2 was observed when the peptide had been introduced at 0.005 mg/mL. These
results are consistent with the greater resistance to elution by peptides at low surface
density within the brush observed on nanoparticles (Figure 3.2).
Modeling of the frequency and dissipation data of Figure 3.7, in order to determine the
adsorbed mass and effective layer viscosity, could not be performed with good certainty,
as neither the Sauerbrey equation nor the Voigt model are appropriately applied in this
context. The Sauerbrey equation should only be used with relatively uniform, rigid, thin
films that show negligible dissipation change, while the Voigt model did not successfully
calculate adsorbed mass from a simultaneous decrease in frequency and dissipation [36,
37]. Qualitatively, however, the frequency and dissipation patterns in Figure 3.7 (top
panel) likely represent the incorporation of WLBU2 into an initially “soft” dissipative
surface (i.e. a pendant PEO layer, as opposed to a solid surface), and a concomitant
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increase in the layer stiffness. In comparison, a decrease in layer stiffness (i.e. increased
viscoelasticity) is associated with protein adsorption on a rigid surface, suggesting that
the observed frequency change was not due to adsorption of WLBU2 at “bare spots” in
the brush. In contrast, the changes in resonant frequency (ΔF) for S-WLBU2 indicate a
rapid and nearly complete removal of the peptide, whether originally introduced at high
or low concentrations (Figure 3.7, bottom panels). This suggests that elution of the
scrambled peptide is much less affected by its concentration at the surface than the facesegregated α-helix formed by WLBU2. Using optical waveguide lightmode spectroscopy
(OWLS), we have observed that, like S-WLBU2, the non-amphiphilic PLR remains
completely elutable from a PEO brush, even at very low surface peptide density [1].
Interestingly, the dissipation recorded during the adsorption of S-WLBU2 at high
concentration decreased rapidly at first, then slowly increased (Figure 3.7, bottom left).
An increase in the dissipation is associated with decreases in the stiffness of the adsorbed
layer. Such a change would be consistent with a slow conformational change undergone
by S-WLBU2 at the interface. Presumably, S-WLBU2 retains the α-helix structure
induced by perchlorate ion during the initial adsorption, but rearranges to a β-sheet
conformation as the peptide concentration in the PEO layer becomes sufficiently high.
This is also consistent with recent reports that α-helical peptide layers adsorbed on gold
QCM-D sensors are more rigid than peptide layers adsorbed as β-sheets [36]. No such
increase in dissipation was recorded during adsorption of S-WLBU2 at low concentration
(Figure 3.7, bottom right), suggesting that there is no significant α-helix → β-sheet
transition of S-WLBU2 within the PEO layer. The QCM-D results of Figure 3.7 are
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entirely consistent with the other results discussed above, and are also in agreement with
the hypothesis that highly-elutable coiled-coil structures are formed at high peptide
densities in the PEO brush.

Figure 3.7. Representative ΔF and ΔD vs. time for WLBU2 (top panels) and S-WLBU2
(bottom panels) adsorption and elution on F108-coated SiO2 QCM-D sensors. Baselines
were achieved using 0.2 M HClO4, followed by introduction of peptide in HClO4, then
elution with H2O, and finally switch back to HClO4. Peptide concentrations used for
QCM-D experiments were 0.1 mg/mL (left panels) and 0.005 mg/mL (right panels).
Note change of scale between peptide concentrations (left and right panels).
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3.4. Conclusions
Elution of peptides from PEO brush layers is governed by their amphiphilicity and
surface density. Peptides of high amphiphilicity can be expected to interact strongly with
PEO chains after location within the layer, thus promoting their resistance to elution.
However, at sufficiently high surface density, peptide-peptide interactions may result in
conformational changes (e.g. formation of coiled-coils) which can compromise this
resistance to elution. In this work, WLBU2, a peptide with a face-segregated amphiphilic
α-helical structure, was observed to form α-helices and coiled-coils, while the
amphiphilic peptide (S-WLBU2) with a more uniform charge distribution formed βsheets. These conformational changes (from α-helix to coiled-coil and β-sheet) increased
the elutability of WLBU2 and S-WLBU2, presumably by reducing the amphiphilic
character of the resulting complex. In contrast, the non-amphiphilic peptide (PLR)
showed no substantial change in structure or elutability with increasing peptide surface
density.
Entrapment of bioactive peptides within otherwise non-fouling PEO brush layers holds
promise for contributing to development of responsive drug delivery systems. These
results will inform research efforts focused on the sequential and competitive adsorption
and release of such peptides at PEO layers. They will also be valuable for development of
systems to control the rate and extent of therapeutic peptide release from PEO layers,
based on modulation of their amphiphilicity and surface density.
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CHAPTER 4
SEQUENTIAL AND COMPETITIVE ADSORPTION OF PEPTIDES AT
PENDANT PEO LAYERS

Abstract
Our earlier work provided direction for development of responsive drug delivery systems
based on modulation of structure, amphiphilicity and surface density of bioactive
peptides entrapped within pendant polyethylene oxide (PEO) brush layers. At low peptide
surface density, amphiphilicity promotes retention of the peptides within the hydrophobic
inner region of the PEO layer, thereby increases their adsorption affinity. Peptide-peptide
interactions which take place when peptide surface density is sufficiently high can
substantially affect the rate and extent of peptide elution from the PEO brush layer. In
this work, we describe the sequential and competitive adsorption behavior of peptides at
pendant PEO brush layers, and show that adsorption and desorption of each peptide is
governed by peptide amphiphilicity. Three cationic peptides were used in this study: the
arginine-rich amphiphilic peptide WLBU2, the chemically identical but scrambled
peptide S-WLBU2, and the non-amphiphilic peptide poly-L-arginine (PLR). Optical
waveguide lightmode spectroscopy (OWLS) was used to quantify the rate and extent of
peptide adsorption and elution at surfaces coated with PEO. UV spectroscopy and timeof-flight secondary ion mass spectrometry (TOF-SIMS) were used to quantify the extent
of peptide exchange during the course of sequential and competitive adsorption. Circular
dichroism (CD) was used to evaluate conformational changes of peptide mixture at PEOcoated silica nanoparticles. Results show that amphiphilic peptides are able to displace
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adsorbed non-amphiphilic peptides in PEO layers, while non-amphiphilic peptides cannot
displace amphiphilic ones. Peptides of high amphiphilicity are expected to dominate the
competitive adsorption with less amphiphilic or non-amphiphilic peptides in PEO layers.
Keywords: sequential adsorption; competitive adsorption; PEO brush; WLBU2; cationic
amphiphilic peptides; polyarginine; circular dichroism (CD)
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4.1. Introduction
In earlier work [1, 2] we used circular dichroism (CD), optical waveguide lightmode
spectroscopy (OWLS), and quartz crystal microbalance with dissipation monitoring
(QCM-D) to study the adsorption and desorption behavior of poly-L-arginine (PLR) and
the cationic amphiphilic peptide (CAP) WLBU2 in pendant PEO layers. Those results
indicated that the adsorption of small peptides of similar size is governed by their
secondary structure, with entrapment and elution at the PEO layer being determined by
peptide amphiphilicity and surface density. Specifically, some degree of structural order
(α-helix content) is necessary for peptide entry into PEO layers [1]. At low peptide
surface density, interactions between non-polar groups of WLBU2 and the hydrophobic
inner region of the PEO brush result in irreversible entrapment and resistance to elution.
However, at high peptide surface density, intermolecular interactions between WLBU2
peptides resulted in conformational changes which compromised this resistance to elution.
The non-amphiphilic peptide PLR did not show strong peptide-PEO chain interactions
and its entrapment was always reversible [2].
WLBU2 is a synthetic, 24-residue CAP with 13 positively charged arginine residues, and
11 non-polar valine or tryptophan residues. It shows substantial promise for clinical
applications, due to its wide spectrum antimicrobial activity against both Gram-negative
and Gram-positive bacteria under physiological conditions [3-9]. The structure of
WLBU2 in water is substantially disordered, but the peptide gains considerable
secondary structure, involving segregation of its positively-charged and hydrophobic
groups onto opposing faces of an α-helix, in the presence of counterions, membrane-
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mimetic solvents, or bacterial membranes. Moreover, WLBU2 retains its antimicrobial
activity when immobilized at solid surfaces by a number of methods [3, 7-9]. While
chemically identical to WLBU2, the scrambled sequence of S-WLBU2 eliminates the
ordered segregation of positively-charged and hydrophobic residues of WLBU2 during
helix formation [2], and is associated with a very low hydrophobic moment in
comparison to WLBU2 (0.1 vs. 10.7, respectively) [10]. PLR is chemically homogeneous
and not amphiphilic. When dissolved in water under neutral pH, PLR adopts a
combination of random coil and extended structures (e.g. polyproline-II and 2.51 helix),
while both WLBU2 and S-WLBU2 show a random coil structure [1, 4-6, 11-14]. An αhelical conformation can be achieved in all three peptides by addition of perchlorate ions
( ClO 4 ) [1, 13].
In this paper, we describe the sequential and competitive adsorption behavior of peptides,
including PLR, WLBU2 and S-WLBU2, at pendant PEO brush layers. Solution depletion
method and CD were used to evaluate competitive peptide exchange and peptide
conformational change at PEO-coated silica nanoparticles. OWLS and time-of-flight
secondary ion mass spectrometry (TOF-SIMS) were used to directly detect peptide
sequential and competitive adsorption on covalently-immobilized PEO brush layers.

4.2. Materials and Methods
Peptides and materials. Synthetic poly-L-arginine hydrochloride (PLR, n ≈ 30, Mn = 4.7
kDa, PDI < 1.20) was purchased from Alamanda Polymers (Huntsville, AL). The 24-
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residue peptides WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR, 3.4 kDa) and the
scrambled sequence S-WLBU2 (VWRVRVRRRWRVRVWVRVRRRRVR) were
purchased from Genscript (Piscataway, NJ). All peptides were used without further
purification. Stock solutions of each peptide at 5 mg/mL in HPLC water were frozen in 1
mL aliquots, which were thawed and then diluted immediately before use to 0.2 mg/mL
in 0.2 M HClO4 (to induce α-helical conformation). Diluted peptide solutions were
degassed under vacuum immediately before use.
Self-assembled PEO brush layers were formed by suspension of hydrophobic silica
nanoparticles (R816, Degussa, 190 m2/g, 10-12 nm) in Pluronic® F108 (BASF) in HPLC
water for 10 h on a rotator [1, 16]. The complete surface coverage of F108 is about 3.3
mg/m2 [16, 17]. A 5× excess of F108 over this amount was used to ensure good coverage
of the nanoparticles. In the sequential adsorption experiments, F108-coated nanoparticles
were incubated with the first peptide (PLR, WLBU2 or S-WLBU2) under 0.2 M HClO4
for 40 min at 20 °C. In the peptide competitive adsorption experiments, an equimolar
mixture of PLR and WLBU2, or PLR and S-WLBU2 were incubated with F108-coated
nanoparticles under the same conditions. The concentration of nanoparticles was varied
between 1 mg/mL to 4 mg/mL, in order to provide different available surface area (0.2 –
0.05 peptides/nm2) for peptide adsorption and exchange.
Quantify peptide exchange on PEO-coated nanoparticles. In the sequential adsorption
experiments, the peptide-nanoparticle suspensions were rinsed by centrifugation (10,000
rpm, 20 min) and resuspension in 0.2 M HClO4; this process was repeated twice to
remove excess peptide. The amount of peptide removed in each of the supernatants from
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the nanoparticles was then quantified by UV spectrophotometry at 230 nm (for PLR) or
280 nm (for WLBU2 and S-WLBU2), in order to calculate the initial amount of first
peptide in the PEO layer. The second peptide was then introduced to the resuspended
nanoparticles, followed by 40 min incubation and rinsing with HClO4. The amount of
each peptide in the supernatants was again quantified by UV spectrophotometry at 230
nm and 280 nm. In the competitive adsorption experiment, F108-coated nanoparticles
were incubated with peptide mixture for 40 min. The peptide-nanoparticle suspensions
were centrifuged, and the change in supernatant absorbance at 230 and 280 nm was used
to calculate the amount of each peptide entrapped the PEO layer. Experiments were
conducted in triplicate and only slight (< 5%) differences in absorbance were observed.
Evaluation of time-dependent peptide secondary structure. The secondary structure
change of WLBU2 and S-WLBU2 with respect to time after introduction to F108-coated
nanoparticles was evaluated by circular dichroism (CD) using a Jasco J-815
spectropolarimeter (Eaton, MD) at 25 °C. The instrument was calibrated using 0.6
mg/mL D(+)–camphorsulfonic acid. Spectra were recorded in a cylindrical cuvette (0.1
cm pathlength) from 185 to 260 nm in 0.5 nm increments, and five scans were averaged
to increase the signal-to-noise ratio. All peptide solutions were filtered (0.2 μm) prior to
contact with nanoparticles and recording of CD spectra. All spectra were blanked against
peptide-free nanoparticles suspensions. The spectra from each of three replicates for each
sample exhibited only slight (~5%) differences in signal intensity; representative spectra
are thus shown throughout.
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Stabilization of F108 coatings on OWLS waveguides and silicon wafers. SiO2-coated
OW2400c OWLS sensors (MicroVacuum, Budapest, Hungary) and silicon wafers with
300 nm thermal SiO2 were cleaned by submersion in 5% w/v sodium dodecyl sulfate
(SDS) for 30 min, followed by 10 min wash at 80 °C in 5:1:1 mixture of H2O:HCl:H2O2,
then rinsed with HPLC H2O and dried under a stream of nitrogen [18]. The surfaces of
OWLS sensors and silicon wafers were then modified by vapor deposition of
trichlorovinylsilane (TCVS, TCI America, Portland, OR). 200 μL of TCVS was
evaporated at 20°C into a stream of dry nitrogen carrier gas, which was directed over the
waveguide and silicon wafers surfaces for 4 h. The silanized waveguides and silicon
wafers were then immersed in a solution of 5% w/v Pluronic® F108 in water, and were
rotated in solution overnight. After incubation, samples were γ-irradiated to 0.3 Mrad to
covalently attach the F108 to the surface [16, 19]. The irradiated sensors were rinsed with
HPLC water, dried with nitrogen, and stored in the dark used.
Measurement of the rate and extent of peptide adsorption. Sequential and competitive
adsorption of peptides were measured with an OWLS 210 instrument (MicroVacuum,
Budapest, Hungary). A Rheodyne manual sample injector was used to inject sample
solutions through a flow loop (~4.0 mL) into the OWLS flow cell. Flow rates were
maintained at 50 µL/min and solution temperature was kept at 20 °C by the internal TC
heater/cooler unit. Incident angle scans were performed from -5°to 5°at a step size of
0.01°. Both peaks of each of the transverse electric and magnetic modes were measured
to determine the relative refractive index of the surface adlayer. OWLS experiments
began with a baseline of peptide-free perchloric acid (HClO4), followed by injection of
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0.2 mg/mL peptide HClO4, and a subsequent rinse with HClO4. Adsorption and elution
steps were each allowed to proceed for 40 min.
Peptide adsorption on F108-coated silicon wafers. For sequential adsorption of peptides
to the PEO brush layer, F108-coated silicon wafers were incubated with freshly made
peptide solutions (PLR, WLBU2 or S-WLBU2) at 20 °C for 40 min, then rinsed with
peptide-free HClO4 to remove loosely-bound peptides. The rinsed wafers were then
incubated with the second peptide for 40 min, and the rinse step was repeated. In
competitive adsorption experiments, F108-coated silicon wafers were incubated with
either a binary mixture of PLR and WLBU2, or PLR and S-WLBU2, followed by a rinse
step with peptide-free HClO4. After rinse, all peptide-loaded wafers, and peptide-free
F108-coated and uncoated TCVS silicon wafers were dried under vacuum at ambient
temperature overnight prior to analysis with TOF-SIMS.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS). Positive secondary ion
spectra were acquired for each sample on a TOF-SIMS IV instrument (Ion-TOF GmbH,
Germany) using a pulsed 25 keV bismuth primary ion beam. The dose density of the
primary beam was kept below 1012 ions/cm2 to ensure that the static limit was not
exceeded. Spectra were collected from three randomly chosen 100 × 100 μm areas on
each sample. Secondary ions were collected over a range of 0 – 400 m/z. The mass
resolution of each spectrum was between 4000 and 8000, and the spectra were calibrated
to less than 20 ppm using three or more CnH2n-1 peaks (n from 2 to 5). Peak intensities
were normalized against the total ion intensity of each spectrum.
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4.3. Results and Discussion
Peptide sequential and competitive adsorption on PEO-coated nanoparticles. Our
earlier report [1] demonstrated that peptides of high amphiphilicity such as WLBU2
(hydrophobic moment 10.7) are able to interact strongly with the hydrophobic inner
region of the PEO brush layer, resulting in peptide entrapment and conformational
change that is irreversible to elution [1, 16, 20]. In contrast, the adsorption and
conformational change is reversible with changing solution conditions for a chemically
identical but less amphiphilic peptide (S-WLBU2, hydrophobic moment 0.1) or a nonamphiphilic peptide (PLR). When the surface density of WLBU2 is sufficiently high, the
peptide-PEO interaction would be compromised and result in an increase in the
elutability [2]. It is still fair to expect that the adsorption affinity of a peptide at a PEO
layer is increased with its amphiphilicity.
In all peptide sequential and competitive adsorption experiments, the concentration of
each peptide was held at a concentration (0.2 mg/mL), which theoretically fully covers
the surface of 1 mg/mL F108-coated nanoparticles in monolayers [16, 17]. Figure 4.1
shows the percentage of first peptide displaced by the second (e.g., %PLR displaced by
WLBU2 in the case of PLR → WLBU2) during the whole course of sequential
adsorption of two peptides. Generally, an amphiphilic peptide (WLBU2 or S-WLBU2) is
able to displace most of the non-amphiphilic peptide PLR (98% and 76%, respectively) in
a PEO layer when there is limited space for peptide adsorption (i.e. 1 mg/mL F108coated NPs, peptide surface density 0.2 molecules/nm2). In contrast, only a small amount
of adsorbed WLBU2 or S-WLBU2 (8% and 6%, respectively) in the PEO brush layer can
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be displaced by the sequentially introduced PLR. This is consistent with the well-known
displacement of adsorbed fibrinogen or other biopolymers by introduction of proteins of
higher adsorption affinity for the surface [21-23]. As the peptide surface density
decreased, the amount of PLR displaced by WLBU2 or S-WLBU2 substantially
decreased (Figure 4.1). This is due to the increase in the amount of nanoparticles provides
more available surface area for peptide adsorption, therefore more WLBU2 or S-WLBU2
can be incorporate into the PEO layer without significantly displacing pre-adsorbed PLR.
It is important to note that the amount of PLR displaced by S-WLBU2 is always less than
that by WLBU2 (Figure 4.1). We have previously shown that the interaction between SWLBU2 and the hydrophobic inner region of the PEO layer is weaker than for WLBU2,
due to the low amphiphilicity of S-WLBU2 [2]. Taken together, it is reasonable to expect
that the ability of one peptide to displace the other at a PEO brush layer is directly related
to their amphiphilicity and free surface area.

Figure 4.1. Percentage of first peptide being displaced by the second during the
sequential adsorption of PLR, WLBU2 and S-WLBU2.
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When peptides are introduced to F108-coated nanoparticles in a binary mixture, the
amphiphilic peptide (WLBU2 or S-WLBU2) usually dominates the adsorption (Table
4.1). When the mixture of PLR and WLBU2 is introduced to 1 mg/mL F108-coated
nanoparticles, 95% of WLBU2 peptides adsorb into the PEO brush layer from the
solution, while only 8.5% PLR is able to enter the brush. The percentage of adsorbed
PLR increases with the concentration of nanoparticles, due to the presence of space in the
PEO layer that is not occupied by WLBU2. Similarly, when the mixture of PLR and SWLBU2 was introduced to 1 mg/mL F108-coated nanoparticles, 94% S-WLBU2 and 9%
PLR adsorbs. As the concentration of nanoparticles increases, surface area increases and
PLR is able to adsorb to a greater extent. The change in the amount of adsorbed WLBU2
and S-WLBU2 with respect to nanoparticle concentration is negligible. These results
strongly suggest that an amphiphilic peptide will dominate the PEO layer when
competing with a non-amphiphilic peptide for the fixed surface capacity. This is entirely
consistent with many previous findings on competitive protein adsorption: proteins of
greater affinity for the solid surfaces normally dominate the adsorption from binary or
ternary mixtures [23-25].
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Table 4.1. Competitive adsorption of PLR and WLBU2, and PLR and S-WLBU2 binary
mixture

1 mg/mL NPs
(0.2 peptide/nm2)
2 mg/mL NPs
(0.1 peptide/nm2)
3 mg/mL NPs
(0.07 peptide/nm2)
4 mg/mL NPs
(0.05 peptide/nm2)

PLR+WLBU2 mixture
%PLR
%WLBU2
adsorbed
adsorbed
8%
95%

PLR+S-WLBU2 mixture
%PLR
%S-WLBU2
adsorbed
adsorbed
9%
94%

19%

97%

23%

96%

25%

98%

32%

98%

47%

99%

63%

98%

Sequential and competitive adsorption kinetics at covalently immobilized PEO layers.
Figure 4.2 shows the adsorption and elution kinetics of sequential and competitive
adsorption of PLR, WLBU2 and S-WLBU2 on covalently attached PEO layers. Both
PLR and WLBU2 have very similar and fast adsorption kinetics, while the adsorbed mass
of WLBU2 is significantly higher than PLR (Figure 4.2a). PLR is resistant to elution with
HClO4, a helix-stabilizing solvent [1], while a large portion of the adsorbed WLBU2 is
elutable. This is due to the high peptide surface density ~550 ng/cm2 (i.e., 1.1
molecules/nm2) which promotes hydrophobic interactions between WLBU2 molecules.
At high surface density, WLBU2 forms intertwined α-helical coiled-coils, which
compromise its resistance to elution [2]. Unlike WLBU2, PLR is non-amphiphilic and
has positive charges which uniformly surround the α-helix. The electrostatic repulsions
are expected to prevent interactions and increase the average distance between PLR
molecules, therefore the adsorbed mass of PLR in the PEO layer is substantially less than
WLBU2 [2].
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Figure 4.2. Sequential and competitive adsorption of (a) PLR and WLBU2, (b) PLR and
S-WLBU2, (c) WLBU2 and S-WLBU2. Baseline was achieved using 0.2 M HClO4,
followed by adsorption of peptide 1 (sequential adsorption) or peptide 1 & 2 mixture
(competitive adsorption), and then elution with 0.2 M HClO4. Adsorption of peptide 2
started immediately after elution for sequential adsorption experiments, followed by
elution with 0.2 M HClO4.

The difference in adsorption patterns of PLR and WLBU2 are used to evaluate their
adsorption when introduced to the PEO layer sequentially or simultaneously. As shown
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in Figure 4.2a, the sequential adsorption and elution of WLBU2 is not affected by the
presence of pre-adsorbed PLR in the PEO layer. The adsorbed mass of WLBU2 at the
peptide-free PEO layer reaches 550 ng/cm2, and decreases to 200 ng/cm2 after elution
with HClO4. Similarly, at the PLR-occupied PEO layer, the adsorbed mass also reaches
550 ng/cm2 upon introduction of WLBU2, and decreased to 200 ng/cm2 after elution. At
the WLBU2-adsorbed PEO layer, however, the adsorbed mass increased from 200 to 340
ng/cm2 and decreased to 294 ng/cm2 upon elution. Both of these values are higher than
observed for PLR adsorption and elution in a peptide-free PEO layer (300 and 230
ng/cm2, respectively). This indicates the co-existence of the two peptides after sequential
introduction of WLBU2 and PLR to a PEO layer. Based on these results and those from
F108-coated nanoparticles presented above (Figure 4.1), it is fair to expect that PLR does
not displace pre-adsorbed WLBU2 to a large extent, while WLBU2 can displace most of
the pre-adsorbed PLR. The competitive adsorption of the binary mixture of PLR and
WLBU2 is much more similar to the adsorption of WLBU2 than of PLR. This suggests
that WLBU2 dominates the competitive adsorption with PLR at a PEO layer. The slight
difference between adsorption and elution kinetics is likely due to the presence of small
amounts of PLR.
In contrast, when S-WLBU2 is introduced to the PEO-coated surface, it adsorbs to a
higher extent than does WLBU2 (Figure 4.2b). Previously, we have shown that WLBU2
adopts an α-helical coiled-coil conformation, while S-WLBU2 adopts a β-sheet structure
at high peptide surface density in the PEO layer [2]. It has been shown that polylysine in
a β-sheet conformation adsorbs more slowly, but to a significantly higher extent than α-
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helical polylysine on bare gold surfaces, presumably due to stronger intermolecular
hydrogen bonding among β-sheet polylysine [26-28]. More specifically, the early-stage
fast adsorption is likely due to strong interactions between S-WLBU2 and the surface.
The large surface area of β-sheet S-WLBU2 promotes intermolecular hydrogen bonding
and hydrophobic interactions to form dense aggregates, and consequently drive further
peptide adsorption with a slower rate [28, 29].
As shown in Figure 4.2b, the adsorption of S-WLBU2 is somewhat affected by the
existence of PLR in the PEO layer. The adsorbed mass of S-WLBU2 at a peptide-free
PEO layer reaches 700 ng/cm2 after 40 min, and was decreased to 620 mg/cm2 in the
presence of pre-adsorbed PLR. This can be either S-WLBU2 can only partially displace
PLR, or the displacement by S-WLBU2 is slower than WLBU2 displacing PLR.
Introduction of PLR after S-WLBU2 (Figure 4.2a) again indicates the co-existence of
PLR and S-WLBU2 at the PEO layer. The adsorption of PLR and S-WLBU2 mixtures is
very similar to S-WLBU2 → PLR, suggesting that adsorption is dominated by S-WLBU2
(Figure 4.2b).
In addition, we investigated the effect of structure on sequential and competitive
adsorption using WLBU2 and S-WLBU2 (Figure 4.2c). WLBU2 adsorbed to a slightly
higher extent (60 ng/cm2 more) on a S-WLBU2-loaded PEO layer than on a peptide-free
PEO layer, while the peptide remaining on the surface after 40 min elution is
significantly higher (180 ng/cm2 more). However, S-WLBU2 adsorbed to a lower extent
(80 ng/cm2 less) in the presence of WLBU2 in the PEO layer, and the elution shows
slower kinetics than at a PEO layer which contains only S-WLBU2. This suggests the co-
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existence of the two peptides after being sequentially introduced to the PEO layer, and
presumably peptide-peptide interactions promote their resistance to elution. When
WLBU2 and S-WLBU2 are introduced to the PEO-coated surface simultaneously (Figure
4.2c, gray curve), the adsorption appears to occur by a two-step process. The early step
(first 10 min) appears identical to WLBU2-only adsorption, followed by a slow
adsorption which is similar to S-WLBU2 adsorption kinetics. It is reasonable to expect
that the highly amphiphilic peptide WLBU2 dominates the early adsorption, while the
adsorption of S-WLBU2 is hindered by WLBU2 until WLBU2 approaching its maximum
adsorbed mass (550 ng/cm2). Further increase in the adsorbed mass is likely due to the
slow adsorption of S-WLBU2 driven by intermolecular interactions of peptides [29]. The
increase in the resistance to elution with HClO4 again suggests the existence of
interactions between WLBU2 and S-WLBU2 in the PEO layer.
Circular dichroism was applied to evaluate time-dependent conformational changes of
WLBU2 and S-WLBU2 mixture after being introduced to F108-coated nanoparticles in
HClO4. We have shown that both WLBU2 and S-WLBU2 show a low α-helicity (15%)
in 0.2 M HClO4 solution [1], and once adsorbed into the PEO layer to a large extent,
WLBU2 forms α-helical coiled-coils while S-WLBU2 forms β-sheets [2]. In the first two
minutes of the experiment (Figure 4.3), CD shows an α-helical coiled-coil conformation,
which exhibits two minima around 208 and 222 nm with ellipticity ratio θ222nm > θ208 nm
(indicating coiled-coil conformation) [30-33]. Note that after 5 min, spectrum is
substantially β-sheet. This confirms that WLBU2 dominates the early adsorption. After
60 min, the peptides have largely undergone a transition from α-helical coiled-coil to β-
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sheet [34-35], and no further change in spectra was observed. Moreover, the supernatant
had negligible absorbance at 280 nm, which indicates the complete adsorption of both
WLBU2 and S-WLBU2. These results suggest that WLBU2 adsorbs at a much higher
rate than S-WLBU2. As S-WLBU2 adsorbed to some large extent, interactions between
WLBU2 and S-WLBU2 will result in the conformational change of WLBU2 (from αhelical coiled-coils to β-sheet), which possibly drives further S-WLBU2 adsorption.

Figure 4.3. CD of the secondary structure of WLBU2 and S-WLBU2 mixture after
incubation with F108-coated nanoparticles suspension for 2, 5 and 60 min.

In order to obtain more quantitative results of the peptide exchange in the PEO layer,
TOF-SIMS was applied to analyze the PEO-coated surface after sequential and
competitive adsorption of peptides at PEO layers.
TOF-SIMS analysis on covalently immobilized PEO layers. Sequential and competitive
adsorption of PLR, WLBU2 and S-WLBU2 on OWLS waveguides was repeated on
F108-coated silicon wafers.
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Figure 4.4. Representative secondary ion intensity of PEO, valine and tryptophan from
peptide-adsorbed PEO layers on silicon wafers. All intensitites were normalized to total
ion yield.

Peptide-free F108-immobilzed silicon wafer substrates show increased hydrocarbon and
strong polyether signals (e.g., C2H5O+, C4H8O+) with respect to bare TCVS-silanized
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silicon wafers (data not shown). This confirms the presence of the PEO layer on the
surface. Individual peaks corresponding to valine and tryptophan in WLBU2 and SWLBU2 can be used to distinguish them from PLR on the surface. Interferences on the
amino acid peaks from the underlying substrate can be neglected in these tests since the
spectra of bare TCVS and peptide-free F108-immobilized wafers both show negligible
intensities at the characteristic peaks of arginine (m/z 59.05, 70.07, 100.08 and 127.1),
valine (m/z 72.08 and 83.09) and tryptophan (m/z 130.07 and 159.09) [36-38]. Figure 4.4
shows the characteristic peaks of valine (C4H10N+, m/z 72.08) and tryptophan (C9H8N+,
m/z 130.07) on surfaces before and after challenge with peptides. Surfaces contacted with
WLBU2 or S-WLBU2 exhibit strong peaks at both 72.08 (Val) and 130.07 (Trp), while
these peaks are absent on PLR-only and peptide-free PEO-coated surfaces (Figure 4.4, a
and d). After sequential or simultaneous introduction of PLR and WLBU2, all the
surfaces show strong peaks at both 72.08 and 130.07, and the normalized intensities of
those peaks are similar to the surface contacted with WLBU2 only (Figure 4.4, b and e).
This suggests that the presence of PLR in the PEO layer or solution does not interfere
with the adsorption of WLBU2. Similarly, the presence of PLR does not have significant
impact on S-WLBU2 (Figure 4.4, c and f). Both findings are consistent with OWLS
results presented above.
The secondary ion intensity ratio (R) can provide more quantitative insight into the
surface composition. R was calculated as the sum of intensities of valine (m/z 72.08 and
83.09) and tryptophan (m/z 130.07 and 159.09) divided by the sum of intensities of
arginine (m/z 70.07, 100.08 and 127.1) [39, 40].
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Figure 4.5. TOF-SIMS secondary ion peak intensity ratios (R) of: (a) PLR and WLBU2,
and (b) PLR and S-WLBU2 sequential and competitive adsorption on PEO-coated silicon
wafers. Peak ratios were calculated as the sum of intensities of valine and tryptophan
peaks divided by the sum of intensities of arginine peaks. Error bars represent the
standard deviation across three analysis areas.

Since PLR does not have valine and tryptophan residues, the R value of PLR-occupied
surface is very low (0.0425). For WLBU2 and S-WLBU2 contacted surfaces, the ratios
increased to 0.272 and 0.341, respectively (Figure 4.5). Thus, if a surface contains both
PLR and WLBU2 or S-WLBU2, its R value should lie between 0.0425 and 0.272 or
0.341, depending on the relative amount of each peptide. As shown in Figure 4.5a, the R
of WLBU2 adsorption on a PLR-adsorbed PEO layer (0.271) indicates the peptide on the
surface is nearly 100% of WLBU2, which further suggests the complete displacement of
PLR by WLBU2. The R values for sequential adsorption PLR on a WLBU2-adsorbed
surface and the competitive adsorption of PLR and WLBU2 mixture are both slightly less
than 0.271 (0.236 and 0.247, respectively). This confirms the co-existence of two
peptides (Figure 4.2), and PLR only presences in a very small amount in the PEO layer.
Similarly, S-WLBU2 displaces most adsorbed PLR in the PEO layer, and hinders PLR
adsorption (Figure 4.5b).
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In summary, the results from two distinct surface analytical techniques (OWLS and TOFSIMS) are consistent with results from the solution depletion method using PEO-coated
nanoparticles. They also further suggest that amphiphilic peptides (WLBU2 and SWLBU2) can displace adsorbed non-amphiphilic peptides (e.g. PLR) at PEO brush layers,
while PLR can displace neither WLBU2 nor S-WLBU2. When peptides are introduced
simultaneously and compete for a limited surface capacity, the amphiphilic peptides are
expected to dominate the adsorption.

4.4. Conclusions
The results reported here direct us to expect that the sequential and competitive
adsorption behaviors of peptides at pendant PEO brush layers are governed primarily by
peptide amphiphilicity. When the surface capacity is limited, amphiphilic peptides are
able to displace adsorbed non-amphiphilic peptides in a PEO layer, while nonamphiphilic peptides cannot displace amphiphilic peptides. Peptides of high
amphiphilicity are expected to dominate the competitive adsorption over less amphiphilic
or non-amphiphilic peptides. Moreover, in this work, the interactions between adsorbed
WLBU2 and S-WLBU2 in the PEO brush layer resulted in peptide conformational
changes which promote their resistance to elution. Entrapment of bioactive peptides
within otherwise non-fouling PEO brush layers holds promise for development of
responsive drug delivery systems. These results provide information for further research
on issues surrounding peptide loading and release at PEO layers.
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CHAPTER 5
GENERAL CONCLUSIONS
Chapter 2 shows that some minimal degree of structural order (α-helix) is necessary for
peptide entry into the PEO layer, and that peptide location within the hydrophobic inner
region of the PEO brush may result in an increase in α-helix content. Once the nonamphiphilic peptide polyarginine (PLR) was entrapped among the PEO chains of the
F108 brush, we found it to be partially elutable as long as the same helix-stabilizing
solvent used during the adsorption step was used for elution. However, in contact with
water (which favors its disordered, non-adsorbable conformation), the adsorbed PLR was
entirely elutable. In contrast, the amphiphilic peptide WLBU2 was highly resistant to
elution in all cases, even upon contact with a solvent which promotes its disordered form.
Therefore, it appears that the property of amphiphilicity (such as exhibited by WLBU2) is
required to control peptide desorption from a PEO brush when the bulk solution
conditions are changed.
Chapter 3 indicates that elution of peptides from PEO brush layers is also governed by
their surface density. Peptides of high amphiphilicity can be expected to interact strongly
with PEO chains after location within the layer, thus promoting their resistance to elution.
However, at sufficiently high surface density, peptide-peptide interactions may result in
conformational changes (e.g. formation of coiled-coils) which can compromise this
resistance to elution. WLBU2, which adopts a face-segregated amphiphilic α-helical
structure, was observed to form α-helices and coiled-coils, while the amphiphilic peptide
(S-WLBU2) with a more uniform charge distribution formed β-sheets. These
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conformational changes (from α-helix to coiled-coil and β-sheet) increased the elutability
of WLBU2 and S-WLBU2, presumably by reducing the amphiphilic character of the
resulting complex. In contrast, the non-amphiphilic peptide (PLR) showed no substantial
change in structure or elutability with increasing peptide surface density.
Chapter 4 directs us to expect that the sequential and competitive adsorption behaviors of
peptides at pendant PEO brush layers are governed primarily by peptide amphiphilicity.
When the surface capacity is limited, amphiphilic peptides are able to displace adsorbed
non-amphiphilic peptides in a PEO layer, while non-amphiphilic peptides cannot displace
amphiphilic peptides. Peptides of high amphiphilicity are expected to dominate the
competitive adsorption over less amphiphilic or non-amphiphilic peptides. Moreover, the
interactions between adsorbed WLBU2 and S-WLBU2 in the PEO brush layer resulted in
peptide conformational changes which promote their resistance to elution.
This work provides direction for development of responsive drug delivery systems based
on modulation of solvent conditions, and the structure and amphiphilicity of bioactive
peptides within PEO brush layers. Moreover, entrapment of therapeutic peptides may
also support novel drug delivery strategies (e.g., PEO-coated nanoparticle carriers) that
can potentially overcome barriers to oral delivery of peptide drugs.
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APPENDIX A
STRUCTURAL ATTRIBUTES AFFECTING PEPTIDE ENTRAPMENT IN PEO
BRUSH LAYERS

Abstract
A more quantitative understanding of peptide loading and release from polyethylene
oxide (PEO) brush layers will provide direction for development of new strategies for
drug storage and delivery. In this work we recorded selected effects of peptide structure
and amphiphilicity on adsorption into PEO brush layers based on covalently stabilized
Pluronic® F108. Optical waveguide lightmode spectroscopy and circular dichroism
measurements were used to characterize the adsorption of poly-L-glutamic acid, poly-Llysine, and the cationic amphiphilic peptide WLBU2, to the brush layers. The structure of
WLBU2 as well as that of the similarly-sized homopolymers was controlled between
disordered and more ordered (helical) forms by varying solution conditions. Adsorption
kinetic patterns were interpreted with reference to a simple model for protein adsorption,
in order to evaluate rate constants for peptide adsorption and desorption from loosely and
tightly bound states. While more ordered peptide structure apparently promoted faster
adsorption and elution rates, resistance to elution while in the PEO layer was dependent
on peptide amphiphilicity. The results presented here are compelling evidence of the
potential to create anti-fouling surface coatings capable of storing and delivering
therapeutics.
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Introduction
The adsorption of the antimicrobial peptide nisin and various aspects of its behavior at
PEO-coated surfaces have been examined through ellipsometry [1], circular dichroism
and assays of antibacterial activity [2], zeta potential [3], and TOF-SIMS [4]. In this
paper we complete the first step in describing the effects of peptide structure and
amphiphilicity on adsorption into PEO brush layers. Optical waveguide lightmode
spectroscopy (OWLS) was used to record the adsorption of poly-L-glutamic acid, poly-Llysine, and the cationic amphiphilic peptide WLBU2 to PEO brush layers based on
covalently stabilized Pluronic® F108. The structure of the homopolymers as well as that
of WLBU2 was controlled between disordered and more ordered (helical) forms by
varying solution conditions (Figure A.1).

Figure A.1. Poly-L-glutamic acid and poly-L-lysine will adopt compact α-helical forms or
disordered, highly-charged conformations depending on solution conditions. WLBU2 is
an amphiphilic cationic peptide that is α-helical in membrane mimetic solvents and
disordered in aqueous solution.
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Poly-L-glutamic acid (PLG) and poly-L-lysine (PLL) are homopolymers of amino acids,
with regular structure that can extend the full length of the peptide [5]. As with natural
proteins, the solution pH, ionic strength, polarity, and peptide concentration can be
modulated to adjust the structural conformation from compact α-helix to a variety of
“disordered” states [6, 7]. WLBU2 is an engineered, cationic amphiphilic peptide (CAP)
with 13 positively-charged arginine residues, and 11 hydrophobic valine or tryptophan
residues. It shows substantial promise for clinical applications, due to its wide spectrum
antimicrobial activity against both Gram-negative and Gram-positive bacteria under
physiological conditions [8-11]. Segregation of the positively-charged and hydrophobic
groups onto opposing faces of an α-helix confers the ability to disrupt bacterial cell
membranes, killing the bacteria. Moreover, in addition to its high, broad-spectrum
potency in blood, it has been shown to retain its antimicrobial activity when immobilized
by a number of methods at solid surfaces [12-15].
While it shows no appreciable stable structure in water, WLBU2 exhibits high α-helix
content in membrane-mimetic solvents (e.g., 81% α-helix in 30% trifluoroethanol in
phosphate buffer) [10]. Finally, while WLBU2 is highly amphiphilic, neither PLG nor
PLL is amphiphilic. Thus, WLBU2 serves both as a good control for the effects of
amphiphilicity on peptide integration into brush layers, and as a clinically-relevant
application for this research. There is great potential for biocompatible surface coatings
based on entrapment of bioactive agents, for relatively short-term medical device
applications (e.g., anti-infective coatings for acute hemodialysis catheters) as well as
blood treatment applications featuring high surface-to-volume ratio, high flow rate,
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extracorporeal microfluidic devices. Any among a range of microfluidic device
architectures (e.g., microchannels, micropost arrays) can accommodate the high blood
flow rates necessary for applications such as sepsis treatment, or the chemical processing
of blood for transfusions. Strategies featuring drug-loaded but otherwise nonfouling
coatings for blood contact hold promise for enhancing the performance of such devices.

Materials and Methods
Peptide preparation. Lyophilized 20-residue average, 3.0 kDa molecular weight poly(Lglutamic acid sodium salt, PLG) was purchased from Alamanda Polymers (Huntsville,
AL), and was used as supplied. PLG was dissolved at 1.0 mg/mL in HPLC water, and
separated into 1.0 mL aliquots that were frozen and thawed prior to each experiment. The
1.0 mg/mL PLG (pI ~ 2.5) was diluted to 0.1 mg/mL in either 1.0 N HCl (EMD
Chemicals) or a dilute HCl aqueous solution, pH 4.7, to invoke either helical or
disordered conformations, respectively. Similarly, a 4.2 kDa 21-residue poly-L-lysine
hydrobromide (PLL, Almanda Polymers) was dissolved at 1.0 mg/mL in HPLC water,
and separated into 1.0 mL aliquots that were frozen and then thawed prior to each
experiment. The 1.0 mg/mL PLL (pI ~ 11.8) solution was diluted to 0.10 mg/mL in either
1.0 N NaOH or HPLC water to invoke either helical or disordered conformations,
respectively. Lyophilized WLBU2 (GenScript,) was dissolved at 5.0 mg/mL in HPLC
water and frozen in 200 μL aliquots. Prior to use, the WLBU2 stock solution was thawed
and diluted to 0.1 mg/mL in HPLC water, 10 mM sodium phosphate with 150 mM NaCl,
pH 7.4 (PBS), or alternatively, with PBS with additional salt. All 0.1 mg/mL peptide
solutions were degassed for 40 min under vacuum immediately before use.

93
Preparation of OWLS sensor chips. OWLS waveguide sensor chips with a ~10 nm
surface silica thin film coating (MicroVacuum Ltd.) were cleaned by immersing in
chromosulfuric acid (ACROS Organics) for 10 min at room temperature, rinsed with
HPLC water, and dried with nitrogen gas. After cleaning, the sensors were immersed in
molecular sieve-dried absolute ethanol, and dried with a stream of nitrogen to remove
bulk moisture. Silanization was performed by chemical vapor deposition at room
temperature [16]. For this purpose sensors were placed in a sealed reaction chamber with
the waveguide surface facing up. Argon gas was used for 20 min to purge the system,
creating an environment devoid of moisture. 0.20 mL of trichlorovinylsilane (TCVS, TCI
America) was then injected into the system, vaporized, and delivered to the waveguide
surfaces using the argon carrier gas. After 1 h of vapor deposition, a second 0.2 mL
aliquot of TCVS was injected into the system and allowed to react for 1 h. The
waveguides were then removed and cured at 150 ºC for 1 h.
Self-assembled F108 brush layers were formed on the silanized waveguide surfaces by
incubating overnight with 5% Pluronic® F108 (BASF) in HEPES (Gibco BRL), pH 7.4.
The brush layers were then gamma irradiated at 0.3 Mrad to covalently attach the F108 to
the surface. The PEO functionalized OWLS sensors were dried with N2 gas and stored
until use in the dark to prevent oxidation of the vinyl moieties. Hydrophobic control
sensors were prepared as described above, but in the absence of F108.
Measurement of peptide adsorption kinetics. Buffer solutions were prepared to match
the composition of the 0.1 mg/mL peptide solutions and degassed for 5 h. The buffer for
helical PLG was prepared at 0.9 N HCl to account for dissolving the peptide in HPLC
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water prior to diluting to 0.1 mg/mL in 1.0 N HCl. Based on similar reasoning, the
solution used for the disordered form of PLG was prepared by adding 10% HPLC water
to the HCl solution originally used to dissolve the peptide. The buffer for helical PLL was
prepared at 0.9 N NaOH, and HPLC water was used for experiments with the disordered
form. The buffers for WLBU2 testing were 10 mM sodium phosphate including 150 mM
NaCl, pH 7.4 (PBS), or PBS with salt added to 400 or 600 mM NaCl.
Waveguide sensors were equilibrated overnight in the appropriate buffer and the
refractive index of the HCl solutions were calculated using linear interpolation of
tabulated values [17]. At the start of each experiment, the sensor was allowed to
equilibrate within the system for 40-60 min. OWLS Relative Intensity Mode (RIM) with
buffer introduced at 50.0 μL/min (OWLSTM 210-SIS) was used. When the baseline slopes
were on the order of 1.0 x 10-9, about 4 mL of 0.10 mg/mL peptide solution was
introduced to the system and adsorption to the sensor was allowed to occur for 30 min.
Adsorption was followed by a 30 min rinse where peptide-free buffer was introduced.
The adsorption-rinse cycle was then repeated. Each cyclic, adsorption-elution experiment
was performed at least twice on each type of surface. At the conclusion of each test, the
flow cell was cleaned with HPLC water and 0.1 N HCl.
Peptide structural evaluation. Hydrophobic silica nanoparticles (Product R816, Degussa,
190 m2/g, 10-12 nm), were coated with F108 by suspension in HPLC water for 10 h on a
rotator. The amount of F108 used for this purpose was sufficient to cover the surface
presented by the silica nanoparticles in suspension (about 3.3 mg/m2) [2]. F108-coated
silica nanoparticles were then incubated with PLL or WLBU2 at 0.20 mg/mL for a
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desired period of time (2 h to 7 d) at room temperature. The amount of nanoparticles (10
mg/mL) selected was based on OWLS results and provided 5 times more surface area
than would be required for complete adsorption.
Peptide structure in the presence or absence of nanoparticles was evaluated by circular
dichroism (CD) using a Jasco J-815 spectropolarimeter (0.1 cm path length, cylindrical
cuvette) at 25 °C. The instrument was calibrated using 0.6 mg/mL D(+) –
camphorsulfonic acid. Spectra were recorded from 260 to 195 nm in 0.5 nm increments
and digitally stored. In each case 10 scans were recorded and averaged in order to
increase the signal-to-noise ratio. The 0.10 mg/mL (without nanoparticles) and 0.20
mg/ml (with nanoparticles) peptide samples prepared as outlined above were filtered
(PVDF 0.20 µm filter) prior to recording CD spectra. CD spectra were recorded along
with peptide-free reference samples in each case in order to subtract background signals
and ensure the measurement of peptide properties only. Peptide-nanoparticle suspensions
were then washed by centrifugation (10,000 rpm, 20 min), and resuspended in water. CD
spectra were then recorded again, under the same conditions outlined above. All
experiments were performed in triplicate.

Results and Discussion
Adsorption of WLBU2. Figure A.2 shows representative results for adsorption from a
solution of WLBU2 dissolved in PBS at uncoated and PEO-coated surfaces. The peptide
adsorbed with high affinity to the uncoated surface and showed substantial resistance to
elution, owing to its highly cationic, amphiphilic character. A TCVS-treated silica surface
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has a negative zeta potential but is otherwise hydrophobic [3]. The high level of
adsorption at the uncoated surface may be indicative of multilayer adsorption,
presumably involving electrostatic association with the surface and hydrophobic
association between adsorbed peptide layers. Adsorption of WLBU2 was also evident at
the PEO layer, however in much lower amounts as compared to the uncoated surface.
While an appreciable fraction of the amount present at the end of a 30 min adsorption
cycle was elutable, an elution plateau attained after each cycle indicates the presence of a
peptide population entrapped in a fashion irreversible to elution by peptide-free buffer.

Figure A.2. Cyclic adsorption and elution of WLBU2 at (left) an uncoated, silanized, irradiated surface and (right) a PEO layer. The initial rate of adsorption in the second
cycle is shifted back for illustrative purposes, to allow comparison of adsorption rates at
equal surface coverages in each cycle.
While disordered in water, WLBU2 shows high α-helix content in membrane-mimetic
solvents. Such solvents were not used in this study, as the pendant PEO configuration
present in water and aqueous buffers would be significantly compromised. However, in
aqueous solution it is fair to expect that the presence of added salt may shield the charged
groups on the peptide that prohibit adoption of secondary structure. In fact the CD spectra

97
of Figure A.3 show WLBU2 to be disordered in water, but increasingly helical in PBS
with the addition of salt [18, 19]. The amount of α-helical structure in a peptide can be
calculated as proportional to the molar ellipticity at 222 or 208 nm [20-22]. A greater
magnitude of ellipticity at either wavelength indicates greater α-helical structure. The
representative spectra of Figure A.3 indicate that salt increases the fraction of helical
structure in WLBU2, being 9.3, 15.8, 16.2, or 17.8% α-helix when dissolved in water,
PBS, PBS + 250 mM NaCl, or PBS + 450 mM NaCl, respectively. In summary the
peptide structure tends to be more ordered as the amount of salt in the aqueous solvent is
increased.

Figure A.3. CD spectra of WLBU2 in water, PBS, PBS + 250 mM NaCl, and PBS + 450
mM NaCl.

Figure A.4 shows representative results for WLBU2 adsorption from pure water in
comparison to WLBU2 adsorption from PBS at PEO-coated surfaces. Adsorption was
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slower and less extensive in water than in PBS, but the elution plateaus were similar.
Slower adsorption in water is consistent with the peptide having no stable secondary
structure in that solvent. The peptide is small enough to become entrapped independent of
its secondary structure, but its entry into the PEO layer is apparently facilitated by
adoption of a more ordered conformation.

Figure A.4. Adsorption of WLBU2 from water at a PEO layer (gray symbols). WLBU2
adsorption from PBS at a PEO layer (black symbols) is replotted from Figure A.2 for
comparison.
Adsorption of PLG and PLL. The carboxylic acid side-chains of PLG are protonated (–
COOH) at low pH, and unprotonated (–COO–) at higher pH. CD studies of its secondary
structure in aqueous NaCl show a sharp transition in conformation from α-helix to
random coil as the solution pH is increased [5, 23]. This loss of orderly structure at higher
pH was attributed to electrostatic repulsion between the negatively-charged
(unprotonated) carboxylic side-chains. Cations from salts (e.g. Ca2+ or Na+) may also
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shield the net negative charge of unprotonated PLG, causing similar conformational
changes.
Unprotonated (disordered) PLG in dilute HCl (pH 4.7) was found to adsorb to both the
uncoated surface and the PEO brush layer, albeit in small amounts (Figure A.5).

Figure A.5. Cyclic adsorption and elution of poly-L-glutamic acid (dilute HCl, pH 4.7)
at (left) an uncoated, silanized, -irradiated surface and (right) a PEO layer. The initial
rate of adsorption in the second cycle is shifted back for illustrative purposes, to allow
comparison of adsorption rates at equal surface coverages in each cycle.

Being at once negatively charged and non-amphiphilic, PLG would be expected to show
little affinity for the uncoated surface. The flat elution plateaus recorded at that surface
(Figure A.5, left panel) indicate a population of peptide that is irreversibly bound,
presumably localized at defects (e.g., asperities, other physical heterogeneities) on the
surface. While in a disordered form, as observed for WLBU2 in water, PLG is apparently
small enough to enter the PEO layer (Figure A.5, right panel). But the absence of an
elution plateau suggests the adsorbed peptide is entirely elutable.
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The representative results of Figure A.5 also indicate that, with comparable amounts of
adsorption recorded at each surface, peptide adsorption to a PEO brush was still distinctly
different than that observed at the surface not coated with PEO. Visual inspection of the
elution patterns indicates that there is no irreversibly bound peptide at the PEO layer.
This suggests the peptide is (reversibly) located within the PEO brush itself, and not
associating with the underlying surface. If peptide was associating with the underlying
surface, we would expect an elution plateau similar to that seen at the uncoated surface
(Figure A.5, left panel). Moreover, there is an obvious history dependence on adsorption
recorded with the uncoated surface that is not apparent with the PEO layer. In particular,
with adsorption to the uncoated surface, the initial adsorption rate during the second
adsorption step is substantially greater than that observed at the same surface coverage
during the first step. This behavior was not observed at the PEO layer, suggesting again
that peptide association with the underlying surface does not play a significant role in
adsorption in that case.
No appreciable adsorption to either the uncoated surface or the PEO brush layer was
recorded by OWLS for the protonated, helical (ordered) form of PLG. Similarly, no
evidence of PLL adsorption in either form was detected by OWLS. While it is entirely
reasonable to expect insignificant adsorption by the homopolymers, we applied CD to the
evaluation of PLL structure in the presence and absence of uncoated and F108-coated
nanoparticles. The representative results shown in Figure A.6 (top panel) indicate that
spectra recorded for PLL are similar, independent of the presence of F108-coated
nanoparticles. Moreover, after the F108-coated nanoparticles (suspended in PLL solution)
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are washed with water, Figure A.6 (top panel) indicates that peptide was substantially
removed from the sample. These results are consistent with no obvious location of PLL
within the PEO brush. On the other hand, Figure A.6 (bottom panel) shows that relatively
little peptide is removed upon washing a suspension of WLBU2 and F108-coated
particles. This result is indicative of peptide entrapment and is consistent with the
outcome of OWLS detection of WLBU2 adsorption and elution from PBS (Figure A.4).
These spectra also show WLBU2 gains considerable α-helix content after entrapment
within the F108 layer from PBS (increasing from 15.8 to 24.9% α-helix after entrapment).
Induction of α-helix in this way is owing to the hydrophobicity of the PEO layer (below).
Contrary to OWLS detection of WLBU2 adsorption from HPLC water (Figure A.4), CD
spectra provided no corroborating evidence of WLBU2 entrapment from this solvent by
F108-coated nanoparticles (data not shown). In particular, spectra recorded for the
disordered form of WLBU2 in HPLC water with and without F108-coated nanoparticles
were similar, and after washing with water the peptide was substantially removed from
suspension with the coated nanoparticles. This finding suggests some degree of structural
order may be necessary for entry into the brush. We have completed a comprehensive CD
investigation of this possibility that will be described in a separate report.)
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Figure A.6. CD spectra of: (top) poly-L-lysine in water, and in suspension with F108coated nanoparticles before and after washing, and (bottom) WLBU2 in PBS, and in
suspension with F108-coated nanoparticles before and after washing.

It is reasonable to expect based on Figures A.4-A.6 that any peptide retention in the PEO
layer is owing to its amphiphilicity. Theoretical and experimental evidence suggests that
below the hydrophilic outer region of a PEO brush there exists a hydrophobic region that
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is favorable for protein adsorption [24, 25]. In particular, using surface force
measurements, Sheth and Leckband adsorption [25] provided direct evidence for the
formation of strong attractive forces between PEO and protein (streptavidin). Forces were
repulsive on approach, but became attractive when the proteins were pressed into the
PEO layer. They rationalized this in relation to the competitive interactions between
solvent as well as proteins for the chain segments, and to the ability of PEO to adopt
higher order intrachain structures. Lee et al. [26] demonstrated that PEO chains are not
hydrophilic when they are arranged in the polymer brush configuration. They indicated
that at the high PEO chain concentrations consistent with brush formation, the specific
configuration of the polymer that enables hydrophilic interaction with water may become
disrupted, rendering the polymer less soluble (or even insoluble) in water. Others had in
fact predicted theoretically [27, 28] and shown experimentally [29] that beyond some
threshold PEO chain density the PEO brush would “collapse” owing to this effect. While
increasing chain density within a brush layer might eventually favor lateral compression,
Lee et al. concluded that the widely observed, steric-repulsive character of PEO brushes
is retained because the hydrophobicity of the brush (which favors compression) is not
sufficient to overcome the opposing force of the chain conformational entropy (which
resists compression) [26].
We have used OWLS to record changes in adsorbed mass during cyclic adsorptionelution experiments with the cationic, amphiphilic peptide nisin, at uncoated and PEOcoated surfaces (Dill et al., 2013). PEO layers in that work were prepared by radiolytic
grafting of F108 as well as Pluronic® surfactant F68 to silanized waveguides, producing
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long- or short-chain PEO layers (141 vs. 80 EO units), respectively. As recorded here
with WLBU2, nisin adsorption to the uncoated surface showed history dependence while
nisin adsorption to the F108-coated surface did not show history dependence. While nisin
entry into the F68 brush was observed during the adsorption step, it was completely
eluted upon introduction of peptide-free buffer, indicating that the peptide did not
associate with the underlying surface. The lack of stable surface contact in that case
suggested nisin entrapment within (the longer PEO chains of) F108 involved its location
within the hydrophobic inner region, without contacting the underlying surface. In
summary, while peptide adsorption in a fashion resistant to elution (entrapment) within
the PEO brush was not detected with OWLS or CD in the case of the homopolymers,
entrapment was evident in the case of WLBU2. Thus we conclude entrapment of peptide
in PEO is explainable by its association with the inner, hydrophobic region of the PEO
brush, and the lack of retention of peptide is explainable by its inability to take part in
such association.

Comparison to a model for protein adsorption. It is instructive to interpret the
adsorption-elution patterns recorded with OWLS at F108-coated surfaces with reference
to a simple model for protein adsorption and desorption [30]. When a peptide solution is
introduced to the PEO layer, the change in adsorbed amount as a function of time, dΓ/dt,
may be written as dΓ/dt = kacbΦ  kd ,i i , where kacb is the intrinsic adsorption rate, 
i

is the cavity function, kd,i is the desorption rate constant for peptide adsorbed in state i,
and i is the amount of peptide adsorbed in state i. These adsorption “states” represent
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different peptide conformations, etc., that result in different resistances to elution. The
cavity function is defined as the fraction of the surface on which the center of an
incoming molecule could adsorb without overlapping a previously adsorbed molecule [1,
30-33]. During elution, when the contacting peptide solution is replaced by a peptide-free
solution, peptide concentration in the bulk goes to zero, and a net desorption from the
surface occurs, such that dΓ/dt =

k

d ,i

i .

i

Estimation of the rate constants from experimental data is straightforward based on the
above. The lumped adsorption rate constant (kacb) was obtained by using the data of
Figures A.4 and A.5 to generate plots of dΓ/dt vs. Γ. Linear regression of the early
kinetics and extrapolation to  = 0 approaches a condition where desorption does not
occur and Φ = 1, such that the “y-intercept” is kacb, i.e.,

d
 ka cb .
dt 0

The desorption rate constants were estimated using the elution profiles, assuming the
existence of two desorbable states, one that is less tightly bound (state 1) and one that is
more tightly bound (state 2), and one irreversibly bound state (state 3). The values of kd

1

and k d were found using the slopes of a plot of dΓ/dt vs. Γ during the first rinse cycle.
2

From this plot, two distinct linear regions could be identified, with kd characterizing the
1

slope of the line at high surface coverages and k d characterizing the slope of the line at
2

lower surface coverages.
The amount of peptide adsorbed in each state at the onset of rinsing, Γ1, Γ2, and Γ3, is also
easily determined from the same plot of dΓ/dt vs. Γ. The value of  at the intercept of the
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two lines was taken as equal to Γ2 + Γ3, i.e., the surface concentrate on after all peptide in
state 1 had been eluted. Γ1 was thus determined by a simple mass balance. The value of

 corresponding to the “x-intercept” of the second linear region (i.e., of slope k d ) was
2

taken as Γ3, and Γ2 was then also determined by a mass balance. (If the plot of dΓ/dt vs. Γ
during elution showed only a single linear region, then Γ2 was set equal to zero.) The
kinetic parameters and surface coverages in each state for peptide adsorption to PEO (as
recorded by OWLS) are summarized in Table A.1.
Table A.1. Adsorption and desorption kinetic parameters, and surface coverages in each
state estimated for peptide adsorption to PEO.

Parameter

ka cb
[ng.(cm2.min)-1]

kd,1
[min-1]

kd,2
[min-1]

1
[ng/cm2]

2
[ng/cm2]

3
[ng/cm2]

WLBU2 in water
(disordered)

WLBU2 in PBS
(more ordered)

Poly-L-glutamic
acid (disordered)

0.11

1.0

0.16

0.0054

0.0069

0.012

—

—

0.00061

8.0

25

11

—

—

18

16

18

0.62
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As discussed by Calonder et al. [31], in order to compare independent OWLS data sets in
a quantitative way, it is vital to use the same waveguiding surface each time. Without
repositioning the waveguide in a given OWLS experiment, the reproducibility between
any two adsorption experiments (separated by a cleaning step, in situ) is very high.
However, in order to avoid artifacts introduced by incomplete washing of the PEO brush
layers used here, independent experiments were performed with a new, repositioned
waveguide each time. Thus the entries in Table A.1 simply offer a quantitative
representation of the adsorption and elution trends revealed by Figures A.4 and A.5, as
opposed to absolute rate constants and surface coverages. Consistent with earlier visual
inspection of peptide adsorption at the F108-coated surfaces, this analysis shows the
intrinsic adsorption rate constant is greater for the more ordered form of WLBU2 than for
the disordered WLBU2 or the disordered PLG. In addition, the desorption rate constants
are lower for the amphiphilic WLBU2 than for the non-amphiphilic PLG. The
amphiphilic WLBU2 also showed a substantially greater proportion of irreversibly
entrapped peptide than did the non-amphiphilic PLG.

Conclusions
We have seen for a peptide of a size allowing adsorption to a PEO layer, that peptide
structure and amphiphilic character will affect the adsorption affinity. In particular the
results reported here direct us to expect that a more ordered, compact peptide will enter
the PEO phase more readily than a peptide of similar size that adopts a less ordered, less
compact form. We also expect amphiphilicity will promote peptide retention, by
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association with the inner region of the PEO layer. An experimentally based, quantitative
understanding of the adsorption and function of peptides at otherwise protein-repellent
PEO layers does not currently exist, and these results provide a rationale for hypotheses
to drive further discovery and understanding in this important area.
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APPENDIX B
BINDING INTERACTIONS OF BACTERIAL LIPOPOLYSACCHARIDE AND
THE CATIONIC
AMPHIPHILIC PEPTIDES POLYMYXIN B AND WLBU2

Abstract
Passage of blood through a sorbent device for removal of bacteria and endotoxin by
specific binding with immobilized, membrane-active, bactericidal peptides holds promise
for treating severe blood infections. Peptide insertion in the target membrane and
rapid/strong binding is desirable, while membrane disruption and release of degradation
products to the circulating blood is not. Here we describe interactions between bacterial
endotoxin (lipopolysaccharide, LPS) and the membrane-active, bactericidal peptides
WLBU2 and polymyxin B (PmB). Analysis of the interfacial behavior of mixtures of
LPS and peptide using air-water interfacial tensiometry and optical waveguide lightmode
spectroscopy strongly suggests insertion and stabilization of intact LPS vesicles by the
peptide WLBU2. In contrast, dynamic light scattering (DLS) studies show that LPS
vesicles appear to undergo peptide-induced destabilization in the presence of PmB.
Circular dichroism spectra further confirm that WLBU2, which shows disordered
structure in aqueous solution and substantially helical structure in membrane-mimetic
environments, is stably located within the LPS membrane in peptide-vesicle mixtures.
We therefore expect that presentation of WLBU2 at an interface, if tethered in a fashion
which preserves its mobility and solvent accessibility, will enable the capture of bacteria
and endotoxin without promoting reintroduction of endotoxin to the circulating blood,
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thus minimizing adverse clinical outcomes. On the other hand, our results suggest no
such favorable outcome of LPS interactions with polymyxin B.

Keywords: cationic amphiphilic peptides; WLBU2; polymyxin B; lipopolysaccharide;
endotoxin; sepsis; interfacial tensiometry
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Introduction
Severe sepsis is a blood infection that in the US alone affects about 750,000 people each
year, killing 28-50% of them [1-3]. The number of sepsis-related deaths continues to
increase, and is already greater than the annual number of deaths in the US from prostate
cancer, breast cancer and AIDS combined. During bacterial growth or as a result of the
action of antibacterial host factors, lipopolysaccharide (LPS, endotoxin) is released from
the cell wall of Gram-negative bacteria. The high immunostimulatory potency of
endotoxin causes dysregulation of the inflammatory response with elevated production
and release of proinflammatory cytokines [4], leading to blood vessel damage and organ
failure [1, 2].
Hemoperfusion, involving passage of blood through a sorbent device for the removal of
selected targets, holds promise for treating sepsis [5-7]. Toraymyxin™, a commercial
hemoperfusion device, has been used clinically in Japan since 1994 for removal of
endotoxin by specific binding with the immobilized antimicrobial peptide polymyxin B
(PmB), and was introduced to the European market in 2002 [8]. However, such devices
have not been widely adopted elsewhere, as clinical trials have shown little significant
change in either endotoxin or cytokine concentrations, or in incidence of mortality [7, 9].
Several studies further indicated that hemoperfusion results in significant depletion of
both white blood cells and platelets [10, 11]. PmB is covalently attached to a polystyrene
fiber matrix within such devices, and it is fair to expect that immobilization in that way
would strongly inhibit peptide mobility, accessibility, and activity [12-14]. In addition,
nonspecific loss of blood protein, platelets and cells through interaction with the
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otherwise unprotected polystyrene surface is likely. The clinical utility of PmB itself has
been limited due to nephrotoxicity and neurotoxicity, monocyte stimulation (IL-1 release),
and substantial blood protein losses can occur during operation of devices with
immobilized PmB [5, 6, 15, 16]. In addition, PmB resistance among common pathogens
is not rare [17]. Successful hemoperfusion for sepsis treatment will require surface
modification that will ensure highly selective capture of bacteria and endotoxin that reach
the interface. In addition, surface coatings must provide pathogen binding functionality
without evoking a host cell response, without nonspecific adsorption of protein, and
without platelet activation and blood cell damage caused by cell-surface interactions.
Cationic amphiphilic peptides (CAPs) constitute a major class of antimicrobials that
allow neutrophils and epithelial surfaces to rapidly inactivate invading pathogens [18, 19].
A number of CAPs have been shown to bind LPS with affinities comparable to PmB [20,
21]. For example, the CAP human cathelicidin peptide LL-37 has been shown to
neutralize the biological activity of LPS and to protect rats from lethal endotoxin shock,
revealing no statistically significant differences in antimicrobial or anti-endotoxin
activities between LL-37 and PmB [22]. Despite the broad activity of LL-37 and other
natural CAPs, their potency is inhibited in the presence of physiological concentrations of
NaCl and divalent cations. However the 24-residue, de novo engineered peptide WLBU2,
a synthetic analogue of LL-37, shows highly selective, potent activity against a broad
spectrum of Gram-positive and Gram-negative bacteria at physiologic NaCl and serum
concentrations of Mg2+ and Ca2+ [23-26]. Moreover WLBU2 shows greater antimicrobial
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activity than either LL-37 or PmB, and is active against a much broader spectrum of
bacteria [27, 28].
A major distinguishing feature of CAPs is their capacity to adopt an amphiphilic
secondary structure in bacterial membranes, typically involving segregation of their
positively-charged and hydrophobic groups onto opposing faces of an α-helix [18]. The
propensity for α-helix formation in cell membranes correlates positively with CAP
activity and selectivity of bacterial over human cells, and WLBU2 has been optimized
specifically for formation of an amphipathic α-helix conformation in cell membranes [2325, 28]. Finally, in addition to its broad-spectrum antimicrobial activity in blood,
WLBU2 retains potency while bound to solid surfaces [14, 26, 27, 29, 30] and
importantly, shows high affinity for adhesion of susceptible bacteria [27].
In this paper we describe the outcomes of a comparative study of molecular interactions
of WLBU2 and PmB with LPS. Analysis of the competitive adsorption behavior of
peptide and LPS recorded with optical waveguide lightmode spectroscopy (OWLS) and
interfacial tensiometry, and analysis of peptide structure and particle size distribution in
peptide-vesicle suspensions with circular dichroism (CD) and dynamic light scattering
(DLS), were used to evaluate differences in the stability of peptide-vesicle association,
and hence the associated potential of each peptide for use in hemoperfusion for endotoxin
removal.
Materials and Methods
Peptides and Lipopolysaccharides. Unless otherwise specified, all reagents were
purchased from commercial vendors and were of analytical reagent or higher grade.
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WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR, 3400.1 Da) was obtained from
GenScript (Piscataway, NJ). Polymyxin B sulfate (PmB, 1385.6 Da) and purified
Pseudomonas aeruginosa lipopolysaccharide (LPS) were purchased from Sigma-Aldrich
(St Louis, MO).

All solutions were prepared using HPLC-grade water, and all peptides

and LPS were used as received, without further purification.
Stock solutions of WLBU2 were made in phosphate buffered saline (PBS, 10 mM
sodium phosphate with 150 mM NaCl at pH 7.4), or in 0.5M HClO4 for circular
dichroism. Working solutions at 50 µM or 5 µM concentrations were prepared in
degassed PBS, using the calculated molar extinction coefficient at 280 nm (16,500 M-1
cm-1) of WLBU2 [31]. Similarly, 10 mg/mL stock solutions of PmB in degassed PBS
were diluted to 50 µM or 5 µM. LPS was dissolved in PBS to 10 mg/mL, and diluted to
0.1 mg/mL in degassed PBS. All dilute peptide/LPS solutions were prepared and
degassed under vacuum with sonication immediately before use.
Surface Modification of OWLS Sensors. SiO2-coated OW2400c OWLS waveguides
(MicroVacuum, Budapest, Hungary) were cleaned by submersion in 5% w/v sodium
dodecyl sulfate (SDS) for thirty minutes, followed by 10 min at 80 °C in 5:1:1 H2O:27%
HCl:30% H2O2, then rinsed with HPLC H2O and dried under a stream of N2 [32].
Cleaned waveguide surfaces were modified with trichlorovinylsilane (TCVS, TCI
America, Portland, OR) by a variation of the method of Popat [33-35]. Briefly, clean
OWLS sensors were exposed to flowing dry N2 in a sealed vessel for 1 hr to remove any
residual surface moisture, after which 200 µL of was added and allowed to vaporize at 25
°C, while flowing N2 transported the TCVS vapor across the waveguide surfaces. The N2
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flow was maintained for three hours, after which the sensors were cured at 120 °C for 30
min to stabilize the vinylsilane layer. Cleaned and modified sensors were stored in 1.5
mL centrifuge vials under N2 in the dark to prevent oxidation of the vinyl moieties.
Optical Waveguide Lightmode Spectroscopy. Silanized waveguides were equilibrated
prior to use by incubation overnight in PBS [36], then rinsed with HPLC H2O, dried with
N2, and immediately installed in the flow cell (4.8 uL total volume) of a MicroVacuum
OWLS 210 instrument (Budapest, Hungary) equipped with a 4 mL narrow-bore Tygon®
flow loop in line with the flow cell. Incoupling peak angles (±TE and TM) were
recorded about four times per minute at 20 °C, and a stable baseline was achieved with
PBS prior to the injection of peptide or LPS. Unless otherwise indicated, flow rates were
maintained at 50 µL/min during adsorption and elution steps. Peptides or LPS were
either introduced singly (sequential adsorption) for 40 min, with a PBS rinse for 40 min
between analytes, or as mixtures (competitive adsorption) for 40 minutes followed by a
40 minute PBS rinse.
Interfacial tensiometry. A FTÅ model T10 (First Ten Ångstroms, Portsmouth, VA)
equipped with a Du Nuöy ring (CSC Scientific Co, Fairfax, VA) was used to measure the
baseline surface tension of 6.5 mL of PBS, after which 500 µL of peptide or LPS stock
solution was injected to reach final concentrations of 5 or 50 µM WLBU2 or PmB in
PBS, with or without 0.1 mg/mL LPS. Data was collected for at least 20 min to
determine the steady state surface tension of the resulting peptide and/or LPS solutions.
The platinum ring was flamed to remove contaminants between experiments.
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Dynamic Light Scattering. Apparent particle sizes of peptide and LPS solutions and
mixtures were measured at 20 °C by dynamic light scattering (DLS) at 635 nm, using a
Brookhaven Instruments 90 Plus Particle Size Analyzer (Holtsville, NY). Ten 1-minute
scans were averaged for each sample, and cumulative size distributions extracted from
the multimodal size distribution data.
Circular Dichroism. Peptide secondary structure in the presence or absence of LPS was
evaluated in triplicate by circular dichroism (CD) using a Jasco J-815 spectropolarimeter
(Easton, MD) at 25 °C. Spectra were recorded in a cylindrical cuvette (0.1 cm
pathlength) from 185 to 260 nm in 0.5 nm increments after calibration with 0.6 mg/mL
D(+)-camphorsulfonic acid, and 10 scans/sample were averaged to increase the signal-tonoise ratio. All concentrations of peptides and LPS were the same as for tensiometry and
OWLS. The spectra from each of the three replicates for each sample differed only
slightly (~5%) in signal intensity; representative spectra are shown throughout. Peptide
α-helix content was estimated from CD spectra using DichroWeb [37, 38].

Results and Discussion
Competitive adsorption of peptides and LPS at the air-water interface. Surface tension
depression was recorded for mixtures of LPS (0.1 mg/mL) and peptide at high (50 μM) or
low (5 μM) peptide concentrations in buffer (Figures B.1 and B.2). In the absence of
peptide, LPS vesicles decreased surface tension to a steady value of about 40 mN/m. In
contrast, while 50 µM PmB slightly reduced surface tension, PMB had almost no effect
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on surface tension at 5 µM (Figure B.1, top). However, when PmB is mixed with LPS, a
faster rate of surface tension decrease is observed at each concentration, and, in the case
of 50 μM PmB, the surface tension is reduced to a greater extent than observed with LPS
alone (Figure B.1, bottom).
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Figure B.1. Air-water tensiometry of suspensions of 5 or 50 μM PmB and 1.0 mg/mL
LPS in PBS, as individual species (top) and as mixtures of peptide and LPS (bottom).
Average values (- - -) and standard deviation (n = 5, gray lines) are shown for LPS.
As with PmB, WLBU2 in the absence of LPS did not substantially decrease surface
tension at either concentration (Figure B.2, top). However, unlike PmB, the similarity in
the rate and extent of surface tension depression at each WLBU2 concentration suggests
that monolayer coverage of the interface is achieved in each case.
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Figure B.2. Air-water tensiometry of suspensions of 5 or 50 μM WLBU2 and 1.0 mg/mL
LPS in PBS, as individual species (top) and as mixtures of peptide and LPS (bottom).
Average values (- - -) and standard deviation (n = 5, gray lines) are shown for LPS.
The dimensions of the peptides were determined using the open-source viewer Jmol™
[39] from structures of PmB from the NCBI PubChem repository (CID 49800003), and
a helical structure ofWLBU2 predicted using PEP-Fold [40, 41] (Figure B.3). From
those dimensions, the expected surface concentrations of PmB and WLBU2 peptides
adsorbed in a monolayer in a “side-on” or “end-on” conformation were estimated,
assuming a footprint of the solution dimensions and close-packed rectangular (side-on) or
hex-packed circular (end-on) configurations (Table B.1). The ratio of the surface tension
depression for WLBU2 relative to PmB (Figure B.1 and Figure B.2, top panels) is about
3.23 at 5 μM peptide, and about 1.55 at 50 μM peptide. These values fall within limits
based on expectations for monolayer coverage.
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WLBU2

2.7 nm

4.0 nm

1.6 nm

1.7 nm

PmB

Figure B.3. Molecular structure and approximate dimensions of PmB (left) and helical
form of WLBU2 (right) peptide.

Mixtures of LPS and WLBU2 behave quite differently from the mixtures of PmB and
LPS (Figure B.1 and Figure B.2, bottom panels). In particular, the presence of WLBU2
with LPS results in appreciably reduced surface tension depression when compared to
LPS alone (Figure B.2, bottom). At the low (5 µM) concentration of WLBU2, the surface
tension depression is nearly negligible compared to that associated with either WLBU2 or
LPS alone. At higher (50 µM) WLBU2 concentrations in an LPS-WLBU2 mixture, the
surface tension was depressed substantially, but did not reach that of LPS alone.

These results strongly suggest that suspensions of LPS with WLBU2 are more stable than
similar suspensions of LPS with PmB. In particular, suspensions of LPS with WLBU2
show substantially less surface activity (e.g., vesicle adsorption and spreading at the
interface) than is exhibited by LPS alone (Figure B.2, bottom). In contrast, suspensions
of LPS with polymyxin B show greater surface activity than is observed for LPS alone
(Figure B.1, bottom).
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These findings are potentially consistent with the notion that peptide insertion (into the
vesicle membrane) and stabilization of intact LPS vesicles occurs in the case of WLBU2,
while peptide-induced destabilization of LPS vesicles occurs in the case of PmB. We
further tested this hypothesis by evaluating the adsorption behavior of peptide-LPS
mixtures at a hydrophobic solid surface, and observation of peptide 2°structure and
particle size distributions in such mixtures.

Table B.1: Size and estimated packing density of PmB and WLBU2 adsorbed “side-on”
and “end-on” at an interface. Dimensions were estimated from published (PmB) or
predicted (WLBU2) molecular structures.
Peptide
PmB
WLBU2

MW
(Da)
1385.6
3400.1

Length
(nm)
2.7
4.0

Width
(nm)
1.6
1.7

“Side-On”
Monolayer (ng/cm2)
53
83

“End-On”
Monolayer (ng/cm2)
86
180

Competitive adsorption of peptides and LPS at a hydrophobic solid surface. Fig shows
the adsorption and elution kinetics recorded with mixtures of LPS (0.1 mg/mL) and
peptide at high (50 μM) or low (5 μM) peptide concentrations. The total mass remaining
after elution was similar for both mixtures containing PmB, with final adsorbed masses of
74 or 55 ng/cm2, respectively. The adsorption kinetics of LPS in the presence of PmB
(Figure B.4) are also consistent with the tensiometry results of Figure B.1, and suggest
that destabilized LPS vesicles adsorb and spread at the interface.
In contrast, the final adsorbed masses after elution for mixtures containing 0.1 mg/mL
LPS and 5 or 50 µM WLBU2 were substantially different. The final adsorbed mass was
nearly zero at the low peptide concentration, but reached 590 ng/cm2 with 50 µM
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WLBU2. The observation of extremely low surface activity (i.e. adsorbed amounts) in
WLBU2-LPS mixtures at low peptide concentration is consistent with the tensiometry
results (Figure B.2, bottom). It also suggests formation of LPS vesicles which are
stabilized against spreading at the hydrophobic surface under these conditions,
presumably due to their association with the membrane-active peptide WLBU2. The
reason for the high value of adsorbed mass remaining after elution in the case of the 50
µM WLBU2-LPS mixture is not obvious. With reference to Figure B.2 (bottom),
however, the high adsorption would not be consistent with any enhancement of LPS
vesicle spreading at the interface. Rather, it is possible that WLBU2-stabilized LPS
vesicles locate at the interface under this condition.
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Figure B.4. OWLS kinetic data for competitive adsorption from mixtures of LPS (0.1
mg/mL) and peptide at low (5 µM) and high (50 µM) peptide concentrations.
Peptide structure in peptide-LPS mixtures. WLBU2 structure is substantially disordered
in aqueous solution, but becomes increasingly helical in the presence of certain anions
(e.g. ClO 4 ) [42], membrane-mimetic solvents, or bacterial membranes. For example,
Deslouches et al. (2005b) showed that WLBU2 has no appreciable stable structure in
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water, but reaches 81% α-helix content in an ideal membrane mimetic solvent (30%
trifluoroethanol in phosphate buffer) [25]. Circular dichroism shows that WLBU2 gains
substantial helicity when mixed with LPS (Figure B.5, left), reaching 78% α-helix
content. This strongly suggests that the peptide is located almost exclusively within the
membranes of the LPS vesicles. Due to its rigid, cyclic structure, PmB would not be
expected to become substantially α-helical, and in fact shows no appreciable helical
structure under any conditions (Figure B.5, right). The CD spectrum from the PmB-LPS
mixture appears to be primarily the sum of the CD signal from PmB and LPS alone.

Figure B.5. Circular dichroism (CD) spectra of WLBU2 (left) and PmB (right) in PBS,
with helix-inducing perchlorate ions, or in the presence of LPS vesicles.

Vesicle size distribution in peptide-LPS mixtures. Dynamic light scattering analysis of
peptide-LPS mixtures and peptide-free LPS suspensions are presented in Figure B.6 as
the cumulative oversize distribution of particle diameter. The particle size distribution
was bimodal in all cases. At the lower mode, the presence of WLBU2 increased the
apparent particle diameter of LPS, from 95±11 nm to 195±13 nm (mean ±standard
deviation, n = 3), while addition of PmB had very little effect on particle size in the lower
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mode (89±19 nm). At the upper mode, however, the presence of PmB decreased the
mean particle diameter from 408±56 nm to 262±26 nm, consistent with disruption of the
LPS vesicles. In contrast, the presence of WLBU2 greatly increased both the mean and
the range of particle sizes, with a mean diameter of 909±204 nm. This increase in particle
size and polydispersity suggests that WLBU2 induces aggregation of LPS vesicles.
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Figure B.6. Cumulative oversize distribution of particle diameter in peptide-LPS
suspensions from dynamic light scattering (DLS).

Anecdotal evidence recorded during preparation of peptide-LPS suspensions at high
concentrations (700 µM peptide and 1.4 mg/mL LPS) suggest that the increase in LPS
particle diameter in the presence of WLBU2 is not caused by an increase in the individual
vesicle size, but rather is due to large-scale aggregation of vesicles (Figure B.7). While
there is a slight increase in turbidity of LPS suspensions when PmB is added, aggregation
is not visible in either the PmB-LPS or peptide-free LPS suspensions.
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Figure B.7. Visible aggregation rapidly occurs in concentrated mixtures of WLBU2 and
LPS (top), but not in PmB-LPS (middle) or peptide-free LPS suspensions (bottom).

Taken together, the results described above strongly support the hypothesis that peptide
insertion and stabilization of intact LPS vesicles occurs in the case of WLBU2, while
PmB causes peptide-induced destabilization and disruption of LPS vesicles. Moreover,
they suggest that the high value of adsorbed mass for WLBU2-LPS mixtures at high
peptide concentration (Figure B.7) can be attributed to location of intact WLBU2-LPS
vesicles or vesicle aggregates at the interface. We are currently evaluating the feasibility
of endotoxin capture using membrane-active peptides which have been covalently
tethered to surfaces by short and long hydrophilic linkers, and results from that work will
contribute to the subject of a future report.

Conclusions
Analysis of the interfacial behavior of mixtures of LPS and peptide using interfacial
tensiometry as well as OWLS, evaluation of peptide structure in such mixtures using CD,
and determination of the particle size distributions in such mixtures using DLS, all
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strongly suggest peptide insertion and stabilization of intact LPS vesicles in the case of
WLBU2, while PmB appears to cause peptide-induced destabilization and disruption of
LPS vesicles. In the context of blood purification with hemoperfusion, the most desired
outcome is insertion and tight binding of the peptide in the bacterial membrane or LPS
vesicle, without destabilizing the membrane. Disruption and concomitant lysis of the
membrane could cause the return of LPS or cellular degradation products to the
circulating blood, and is not desirable. Thus, we expect that presentation of WLBU2 at an
interface, tethered in a fashion preserving its solvent accessibility and mobility, may
promote the capture of pathogens or endotoxin that reach the surface without
destabilizing or disrupting the captured vesicle or pathogen. Based on the results
provided here, there is no reason to expect a similar outcome with PmB.
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APPENDIX C
BINDING OF BACTERIAL LIPOPOLYSACCHARIDE BY THE CATIONIC
AMPHIPHILIC PEPTIDE WLBU2 AT INTERFACES

Abstract
Passage of blood through a sorbent device for removal of bacteria and endotoxin by
specific binding with immobilized, membrane-active, bactericidal peptides holds promise
for treating severe blood infections. Peptide insertion in the target membrane and
rapid/strong binding is desirable, while competing interactions with blood proteins is not.
Here we describe interactions between bacterial endotoxin (lipopolysaccharide, LPS) and
the bactericidal peptide WLBU2 in a myriad of surface proximal motifs, i.e. surface
bound, PEG entrapped, and PEG tethered. Analysis of the interactions using QCM-D,
and CD, as well as the effects of γ-irradiation on PEGylated WLBU2 using UV/Vis
spectroscopy and NMR, all reveal that WLBU2 can interact with LPS in a manner
keeping with its purpose whether irradiated, PEGylated, or tethered. Further, interactions
between LPS and WLBU2 in these motifs in the presence of fibrinogen reveal a
complicated interaction between fibrinogen and LPS, and between fibrinogen and
WLBU2, but data analysis suggests that WLBU2 may still preferentially capture LPS
over interactions with fibrinogen. We therefore expect that tethered WLBU2 in an
engineered hemoperfusive devise will enable the capture of bacteria and endotoxin
without promoting reintroduction of endotoxin to the circulating blood, minimized blood
protein interaction, and minimal adverse clinical outcomes.
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Introduction
Severe sepsis is a blood infection that in the US alone affects about 750,000 people each
year, killing 28-50% of them [1-3]. The number of sepsis-related deaths continues to
increase, and is already greater than the annual number of deaths in the US from prostate
cancer, breast cancer and AIDS combined. During bacterial growth or as a result of the
action of antibacterial host factors, lipopolysaccharide (LPS, endotoxin) is released from
the cell wall of Gram-negative bacteria. The high immunostimulatory potency of
endotoxin causes dysregulation of the inflammatory response with elevated production
and release of proinflammatory cytokines [4], leading to blood vessel damage and organ
failure [1, 2].
Hemoperfusion, involving passage of blood through a sorbent device for the removal of
selected targets, holds promise for treating sepsis [5-7]. Successful hemoperfusion for
sepsis treatment will require surface modification that will ensure highly selective capture
of bacteria and endotoxin that reach the interface. In addition, surface coatings must
provide pathogen binding functionality without evoking a host cell response, without
nonspecific adsorption of protein, and without platelet activation and blood cell damage
caused by cell-surface interactions.
In a previous paper we demonstrated that WLBU2 inserts into, and stabilizes, the
membrane of LPS. This was done in comparison to polymyxin B (PmB), a peptide used
clinically for hemoperfusion in Japan [7, 8]. PmB appeared to cause peptide-induced
destabilization and disruption of LPS vesicles. That work was accomplished by analysis
of the interfacial behavior of mixtures of LPS and peptide using interfacial tensiometry as
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well as OWLS, evaluation of peptide structure in such mixtures using CD, and
determination of the particle size distributions in such mixtures using DLS. In the
context of blood purification with hemoperfusion, peptide insertion in the susceptible
membrane and tight binding is desired, while membrane disruption, concomitant lysis
and return of degradation products to the circulating blood is not desired. In this work,
we take the next step toward a prototype device, providing evidence that presentation of
WLBU2 at an interface, tethered in a fashion preserving its solvent accessibility and
mobility, can promote the capture of endotoxin that enters the interface. Tethered and
entrapped peptide motifs (Figure C.1) are compared.

Figure C.1: Cartoon illustration of WLBU2 at an interface in an entrapped (left) or
tethered (right) motif. Image is not to scale.
Materials and Methods
Proteins, Surfactants, and Lipopolysaccharide. Unless otherwise specified, all reagents
were purchased from commercial vendors and were of analytical reagent or higher grade.
WLBU2 (RRWVRRVRRWVRRVVRVVRRWVRR, 3.4 kDa), CysWLBU2 ,and
WLBU2Cys were obtained from GenScript (Piscataway, NJ). The latter peptides are
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structurally identical to the original WLBU2 except for an additional cysteine at the Nterminus and C-terminus, respectively. All peptides were used at 50 μM in phosphate
buffered saline (10 mM PBS, 150 mM NaCl) unless otherwise noted. Fibrinogen from
bovine plasma (Fib, 340 kDa), and purified Pseudomonas aeruginosa lipopolysaccharide
(LPS) were purchased from Sigma-Aldrich (St Louis, MO). LPS was used at 0.1 mg/mL
in PBS in all cases.

All solutions were prepared using HPLC-grade water, and all

peptides and LPS were used as received, without further purification. Fibrinogen was
prepared in HPLC, incubated at 37 °C for 2 hr, and 0.45 μm filtered prior to use [9].
Fibrinogen was used at 2 mg/mL in all cases.
Self-assembled PEO brush layers were formed by suspension of hydrophobic silica
nanoparticles (R816, Degussa, 190 m2/g, 10-12 nm) in Pluronic® F127 (PEO101-PPO56PEO101, ≈12.6 kDa, BASF) in HPLC water (1 % wt/v) overnight on a rotator. F127 was
also used in conjunction with QCM-D sensors, described later. End Group Activated
F127 Pluronic, activated with pyridyl disulfide (EGAP-PDS) was obtained from Allvivo
Vascular, Inc. EGAP-PDS was incubated with CysWLBU2 in equimolar concentrations
for 8 hr at room temperature (EGAP-WLBU2) before use similar to F127. F127 was
used instead of F108, as in previous chapters, because the EGAP from Allvivo is based
on the F127 triblock.
Surface Modification of QCM-D sensors. QSX303 silicon dioxide QCM-D sensors were
purchased from Biolin (Linthicum, MD) and were cleaned by 15 min UV/O3 clean
followed by 1 hr in 5 % w/v sodium dodecyl sulfate (SDS) and then another 15 min in
UV/O3. Cleaned sensor surfaces were modified with trichlorovinylsilane (TCVS, TCI
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America, Portland, OR) by a variation of the method of Popat [10-12]. Briefly, clean
QCM-D sensors were exposed to flowing dry N2 in a sealed vessel for 1 hr to remove any
residual surface moisture, after which 200 µL of TCVS was added and allowed to
vaporize at 25 °C, while flowing N2 transported the TCVS vapor across the sensor
surfaces. The N2 flow was maintained for three hours, after which the sensors were cured
at 120 °C for 30 min to stabilize the vinylsilane layer. Cleaned and modified senors were
stored in 1.5 mL centrifuge vials under N2 in the dark until further use. All silanized
sensors were submerged in 1% w/v F127 or EGAP-WLBU2 and exposed to γ-radiation
from a 60Co source (Oregon State University Radiation Center) for a total dose of 0.3
Mrad to achieve polymer grafting [13]. Sensors were used immediately after surface
preparation.
Au coated QCM-D sensors (Biolin, Linthicum, MD) were cleaned by 15 min UV/O3
clean followed by 10 min in 5:1:1 H2O:30% H2O2:27% NH4OH solution at 80 °C,
followed by another 15 min UV/O3 clean. These sensors were used immediately after
cleaning.
Quartz Crystal Microbalance with Dissipation. All modified sensors were submerged in
HPLC water for 1 hr prior to instrument use to remove residual F127 or EGAP. The
adsorption and elution of peptides, LPS, and Fibrinogen were measured with a Q-Sense
E4 QCM-D (Q-Sense, Linthicum, MD). QCM-D allows simultaneous measurement of
changes in resonance frequency (Δf) and energy dissipation (ΔD) caused by adsorbed
mass on QCM-D sensors. For rigid layers, changes in mass can be directly calculated by
the Sauerbrey equation [14]:
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1
∆𝑚 = −𝐶 ∆𝑓
𝑛
Where ∆m is the change in adsorbed mass, ∆f is the change in frequency, n is the
frequency overtone, and C is a constant parameter characteristic to the quartz crystal,
very commonly 17.7 ng/cm2·s.
A high precision peristaltic pump was used to flow sample solutions over QCM-D
sensors. Flow rates were maintained at 50 μL/min, and solution temperature was
maintained at 20 °C. QCM-D experiments began by collecting baseline data of a peptide
free phosphate buffered saline solution (10 mM PBS, 150 mM NaCl) followed by
introduction of WLBU2, or variant, followed by rinse with PBS, a subsequent challenge
with LPS, Fibrinogen, or a mixture of both, and a final rinse with PBS. All adsorption
and elution steps proceeded for 40 min. In all QCM-D data presented, the ∆f is from the
5th overtone. All QCM-D data on surfaces containing pre-adsorbed triblock was baseline
adjusted using MatLab prior to use. In brief, this was accomplished by modeling the
baseline assuming a simple kinetic model for the removal of excess triblock, suggested
by an initial increase in frequency. The model was fit to the baseline by minimizing the
residual between the model and the data, and the model was subtracted from the whole
subset of data.
Circular Dichroism. Peptide secondary structure in the presence or absence of LPS was
evaluated by circular dichroism (CD) using a Jasco J-815 spectropolarimeter (Easton,
MD) at 25 °C. Spectra were recorded in a cylindrical cuvette (0.1 cm pathlength) from
185 to 260 nm in 0.5 nm increments after calibration with 0.6 mg/mL D(+)-
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camphorsulfonic acid, and 10 scans/sample were averaged to increase the signal-to-noise
ratio. All concentrations of solutions were the same as QCM-D. Representative spectra
are shown throughout. Peptide helicity was estimated from representative CD spectra
using DichroWeb [15-16].
UV/Vis Spectroscopy. Peptide concentration, as well as the extent of WLBU2 attachment
to EGAP-PDS was assessed using a Thermo-Electron Genesys 6 UV-Vis
spectrophotometer (Madison, WI). Concentration of WLBU2 and variants was assessed
using the calculated molar extinction coefficient at 280 nm (16,500 M-1 cm-1) of WLBU2
[17]. The extent of covalent attachment was assessed at 343 nm by the increase in
pyridine-2-thione (P2T) concentration (8080 M-1 cm-1) [18].
Nuclear Magnetic Resonance. Proton nuclear magnetic resonance (1H-NMR) spectra
were taken using a Brüker (Billerica, MA) Robinson 400 MHz NMR spectrometer with
TopSpin 2.1 software at room temperature (25 °C) using ~1000 μM WLBU2 and γWLBU2 in D2O. Each sample was measured using 128 scans. The spectra were post
processed by setting the line broadening factor to 0.8 Hz.
Results and Discussion
Interaction between LPS and surface bound peptide. The interaction between LPS (0.1
mg/mL) and surface bound WLBU2, and WLBU2 variants recorded by QCM-D are
presented in Figure C.2 and Figure C.3. If a given system shows small or insignificant
changes in dissipation, QCM-D data can be modeled using the Sauerbrey model [14],
which directly relates (negative) changes in frequency to changes in adsorbed mass. If
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the change in dissipation is large, modeling becomes more complex, requiring the Voigt
model of viscoelasticity in fluids [19, 20]. Adsorbed mass of WLBU2, CysWLBU2, and
WLBU2Cys prior to LPS adsorption was ~300 ng/cm2, ~425 ng/cm2, and 400 ng/cm2,
respectively, calculated by the Sauerbrey equation [14]. Figure C.2 shows that
adsorption to a peptide coated surface is similar for all WLBU2 variants and is greater
than adsorption of LPS to a bare gold surface. The enhanced adsorption of LPS vesicles
at the peptide-coated surface is likely caused primarily by electrostatic interaction
between the negatively charge LPS vesicle with WLBU2, which carries an out of balance
charge of +13 at physiologic pH. WLBU2 with a cysteine added to either the amine(CysWLBU2) or carboxy-terminated (WLBU2Cys) end is expected to adsorb “end-on”
to the gold surface mediated by the high-avidity gold-thiol association. Chemical bonding
energies can vary greatly, with hydrophobic association at ~0.8 kcal/mol [21], common
hydrogen bonds ranging from 2 to 7 kcal/mol [22, 23], C-C bonds at 83 kcal/mol [24],
and gold-thiol bonds at 45 kcal/mol [25, 26]. As thiol-gold interactions approximate
covalent attachment (45 v 83 kcal/mol, compared to 7 for H-bonding), it is expected that
WLBU2 associated in this manner will not be replaced by LPS. On the other hand,
WLBU2 randomly associated to a surface may be removable. As seen in the QCM-D
data (Figure C.2), adsorption of LPS to each of the three WLBU2-variant coated surfaces
is similar. LPS association to end-on oriented WLBU2 molecules, presenting either the
amine or carboxy end, behaves substantially the same as to randomly adsorbed WLBU2,
suggesting that LPS association to each of these layers is likely electrostatic, and not
indicative of higher order interaction. Since the orientation of WLBU2 does not seem to
change the adsorption of LPS, and modifying peptides at the N-terminus is more
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straightforward than the C-terminus, only the CysWLBU2 variant was used for further
experimentation.

Figure C.2: ∆Frequency for LPS on a bare Au surface (), on a Au surface coated with
WLBU2 (), CysWLBU2 (), and WLBU2Cys ().
Figure C.3 shows dissipation vs frequency curves for each experiment. Data in this
format allows visual inspection of the quality of the adsorbed layer. In particular, if the
data shows hysteresis effects, adsorption is likely changing the structure of the adlayer.
More generally, data displayed in this manner describes the comparable rigidity of a layer
changing with adsorption and elution; as the slope decreases, the rigidity increases. The
data shown in Figure C.3 nearly overlap for each of the LPS on peptide experiments, with
hysteresis ranging from 0.4 – 1.9%. This strongly suggests the structure of LPS does not
change upon adsorption to a WLBU2 coated surface, whether adsorbed randomly or end
on. For LPS adsorbed to Au, the slope of the dissipation versus frequency is greater than
any of the LPS on peptide experiments, suggesting a much more rigid layer, and this

144
curve shows hysteresis upon elution, with a change of nearly 18%. Taken together, this
strongly suggests that LPS vesicles unfold at a gold surface, but remain largely intact and
electrostatically adsorbed to a peptide coated surface.

Figure C.3: ∆Dissipation vs ∆Frequency for LPS on a bare Au surface (), on a
WLBU2 coated Au surface (), on a CysWLBU2 coated Au surface (), and on a
WLBU2Cys coated Au surface ().
Figure C.4 shows CD spectra for WLBU2 in suspension with hydrophobic nanoparticles
with and without LPS. The α-helicity changes from 10% on the bare particle without
LPS to 23% with LPS included. This data supports the hypothesis drawn from the QCMD data that surface bound WLBU2 does not substantially interact with LPS in a
meaningful way.
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Figure C.4: CD spectra of WLBU2 non-specifically bound to a hydrophobic surface
before and after LPS interaction.

Interaction between LPS and PEO layers. PEO layers are commonly considered to be
nonfouling. As such, we expect no irreversible location of LPS at pendent PEO layers.
Figure C.5 shows that this is indeed the case as change in both the frequency and
dissipation returns to the original baseline upon elution.
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Figure C.5: ∆Frequency (black line, primary y-axis) and ∆Dissipation (red line,
secondary y-axis) for LPS on a surface containing covalently attached F127 only.
Interaction between LPS and peptide at PEO layers
LPS at peptide entrapped layers. In previous work, we have demonstrated that WLBU2,
among other peptides, is able to penetrate PEO brush layers. This tendency toward small
peptide entrapment requires that, for the purposes of peptide tethering, EGAP-WLBU2
constructs must be prepared in advance of adsorption to a surface. If attachment were to
be conducted in situ, location of WLBU2, either entrapped or tethered would not be
discernable. Figure C.6 shows QCM-D data for LPS association at peptide entrapped
PEO layers. For the concentration used, we expect a maximum loading of WLBU2 to be
around 0.2 molecules/nm2 (~120 ng/cm2) for entrapped peptide in membrane mimetic
solvents, which would encourage α-helicity. Because the manner in which WLBU2
entrapment was conducted, i.e. in PBS rather than perchloric acid, it is expected that the
actual amount of WLBU2 will be substantially less than that seen in Wu et al. In fact,

147
when calculating the concentration of WLBU2 in solution by UV/Vis spectroscopy for
entrapped WLBU2 on nanoparticles for CD analysis (Figure C.10), the apparent
concentration of WLBU2 was below the detectable limit. Figure C.7 shows that for
entrapped peptide, there is very little initial peptide present, but upon introduction of LPS,
the α-helicity increases from 3% to 8%.

Figure C.6: ∆Frequency (black line, primary y-axis) and ∆Dissipation (red line,
secondary y-axis) for LPS on a surface containing covalently attached F127 and
entrapped WLBU2 peptide.

148

Figure C.7: Evaluation of entrapped WLBU2 on hydrophobic nanoparticles mixed with
0.1 mg/mL LPS. α-helicity increases from 3% to 8% after introduction of LPS. Notegraphic is representative only, and not to scale.
LPS at peptide tethered PEO layers. In the context of LPS capture in a hemoperfusion
device, it is paramount to retain the mobility and solvent accessibility of the active
capture agent, in this case WLBU2. Further, management of peptide density and distance
from the primary interface requires more control than peptide entrapment allows. Thus,
the peptide must be tethered to the surface, and to avoid convolution with potential
entrapment of the peptide, it is important to build the tethered-WLBU2 construct prior to
surface immobilization. In our work, we have commonly used γ-irradiation to covalently
attach triblocks to our surfaces. It is therefore important to first investigate the effect of
both a tether and γ-irradiation on the structure and function of WLBU2. Covalent
attachment of WLBU2 with EGAP-PDS occurs spontaneously at room temperature
according to the reaction scheme presented in Figure C.8. Constructs were prepared by
mixing equimolar quantities of EGAP-PDS and CysWLBU2, average total conversion
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was greater than 50% as evaluated by the evolution of pyridine-2-thione (P2T) absorption
at 343 nm (ε = 8080 M-1 cm-1).

Figure C.8: Covalent association of CysWLBU2 with EGAP-PDS to create EGAPWLBU2. Release of P2T allows the direct calculation of total amount of construct
produced. Note- schematic is not to scale.
Unmodified WLBU2 shows a substantial increase in α-helicity upon exposure to LPS,
increasing in helicity from ~0 to 78%, illustrated in Figure C.9.

Figure C.9: Cartoon schematic of WLBU2 interaction with LPS vesicles. Disordered
WLBU2 adopts an α-helical conformation by penetrating the LPS vesicle and integrating
into the Lipid A region of LPS. Images are not to scale.
This is owing to the WLBU2 infiltrating the lipid A region of the LPS vesicle, a
prerequisite for vesicle capture. EGAP-WLBU2 was evaluated in a similar manner;
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results are shown in Figure C.10. The data show an increase in helicity from 2% in
HPLC H2O to 16% upon addition of LPS to 0.1 mg/mL.

Figure C.10: CD spectra of EGAP-WLBU2 mixed with 0.1 mg/mL LPS. α-helicity
increases from 2% to 16% after introduction of LPS.
Figure C.11 shows CD spectra of interaction of LPS with a tethered peptide associated
with an interface. The data shows convincingly that WLBU2, when tethered to a surface
retains its ability to adopt an α-helix upon introduction of LPS, changing from 2% helix
without LPS to 17% including LPS.
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Figure C.11: Evaluation of EGAP-WLBU2 on hydrophobic nanoparticles mixed with
0.1 mg/mL LPS. α-helicity increases from 2% to 17% after introduction of LPS. Notegraphic is representative only, and not to scale.
These data clearly indicate that the inclusion of a covalent tether, on the order of 12.5
kDa, does not prevent WLBU2 from interacting with LPS in a manner keeping with that
of unmodified WLBU2, and further suggests that WLBU2 covalently tethered to a
surface will retain the ability to interact with LPS, and therefore capture vesicles from
solution.
While the data shown in Figures Figure C.10 and Figure C.11 provide compelling
evidence and support for the potential of tethered WLBU2 to capture LPS from solution,
these systems had not been γ-irradiated. Figures Figure C.12 and Figure C.13 show the
effects of comparable doses of γ-irradiation as used for covalent attachment of triblocks
as evaluated by NMR (Figure C.12, ≈1000 μM WLBU2), and UV/Vis and CD (Figure
C.13 ≈35 μM WLBU2).
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Figure C.12: NMR spectra of non-irradiated WLBU2 (red) and 0.3 Mrad γ-irradiated
WLBU2. Data shown is at the same scale.

Figure C.13: UV/Vis (left) and CD spectra (right), of non-irradiated (black) and 0.3
Mrad γ-irradiated WLBU2. UV/Vis was done with peptide in PBS while CD was
collected on WLBU2 in perchloric acid.
The NMR spectra shown in Figure C.12 show that the structure of WLBU2 remains
intact upon irradiation, showing no significant difference in structure. Spectra recorded
using UV/Vis spectroscopy (Figure C.13, left) shows more substantial change in the
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characteristic curve, as the curve broadens, and its peak at 280 nm is reduced by 13%.
Finally, in a helix inducing solvent (perchloric acid), WLBU2 is shown to decrease in αhelicity from 65% to 36% upon irradiation as indicated by the CD spectra shown in
Figure C.13 (right).
With the effects of tethering and γ-irradiation understood, we can more appropriately
evaluate the capture of LPS by tethered WLBU2 as witnessed in QCM-D and shown in
Figure C.14. The QCM-D data presented shows clear evidence of LPS capture by
tethered WLBU2 indicating that this system works.

Figure C.14: ∆Frequency (black line, primary y-axis) and ∆Dissipation (red line,
secondary y-axis) for LPS on a surface containing covalently attached EGAP-WLBU2.
When comparing the capture of LPS between entrapped peptide PEO layers (Figure C.6)
and tethered peptide PEO layers (Figure C.14), it seems that the entrapped peptide
captures a greater amount of LPS than does the tethered peptide, as ΔFentrapped/ΔFtethered =
2.3 at the end of the elution step, despite the lower surface concentration in the entrapped
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case. This result, however, is consistent with the removal of WLBU2 from an entrapped
motif and the creation of peptide bridges and LPS aggregation as shown in previous work.
In this case, the resultant LPS-WLBU2 association may not indicate capture, but merely
that the aggregates resist the flow parameters and do not leave the interface, illustrated in
Figure C.15. This is further consistent with the very slow elution kinetics seen in Figure
C.6 and the low elutability of only 24%. Because WLBU2 cannot participate in LPS
bridging in the tethered motif, what remains at the surface upon elution (76% elutability)
is likely due only to capture, and not convoluting complexes.

Figure C.15: Cartoon illustration of hypothesis for why entrapped WLBU2 is able to
“capture” LPS. The LPS-WLBU2 association may not indicate capture, but merely that
aggregates resist the flow (blue arrows, 50 μL/min) and do not leave the interface.
Effect of fibrinogen on LPS capture. A clinically relevant device must be able to capture
LPS from whole blood in a hemoperfusive device. To that end, we must be able to
demonstrate LPS capture from a complex milieu containing blood proteins. Figure C.16
shows QCM-D evidence that fibrinogen does not substantially adsorb or remain on a
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surface containing only F127. Thus, any interaction described upon the inclusion of LPS
and/or WLBU2 would suggest that location of fibrinogen is modulated by those
excipients, and not by the PEO brush layer itself.

Figure C.16: ∆Frequency (black line, primary y-axis) and ∆Dissipation (red line,
secondary y-axis) for fibrinogen on a surface containing covalently F127 only.
Figures Figure C.17 and Figure C.18 show the adsorption and elution profiles, by ∆f and
∆D, of a mixture of fibrinogen and LPS on a surface containing entrapped WLBU2
(Figure C.17) and one with covalently attached EGAP-WLBU2 (Figure C.18). The
concentration of fibrinogen is physiologically relevant, at 2 mg/mL, and LPS is at the
same concentration for all other experiments, 0.1 mg/mL.
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Figure C.17: ∆Frequency (black line, primary y-axis) and ∆Dissipation (red line,
secondary y-axis) for a mixture of fibrinogen and LPS on a surface containing entrapped
WLBU2.

Figure C.18: ∆Frequency (black line, primary y-axis) and ∆Dissipation (red line,
secondary y-axis) for a mixture of fibrinogen and LPS on a surface containing covalently
attached EGAP-WLBU2.
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It is clear from the shape of these curves that the adsorption and elution of
fibrinogen/LPS mixtures is complex. For both sets of data, the total adsorbed amount is
higher (-∆f ∝ ∆m) at the end of both the adsorption and elution steps in the experiment
than for LPS adsorption on respective surfaces alone. In the case of entrapped peptide
contacted by the mixture (Figure C.17), 82% of the adsorbed mass is removed upon
elution. For the EGAP-WLBU2 construct challenged by the mixture (Figure C.18), 51%
of the mass is removed upon elution. Because the total adsorbed mass of both
fibrinogen/LPS mixtures was greater than that for LPS alone, it is clear that fibrinogen
itself interacts with WLBU2, interacts with LPS in a manner further encouraging location
or capture at the interface, or some combination of the two.
Figure C.19 shows the comparison of ∆f vs time for fibrinogen on an entrapped or
tethered surface motif (Figure C.19, top), and the ∆dissipation vs ∆f for these same
surfaces (Figure C.19, bottom).
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Figure C.19: ∆Frequency vs time (top) of fibrinogen challenge of entrapped WLBU2
() and tethered WLBU2 (). The data shows similar curves, albeit different mass
loadings in each case. The ∆Dissipation vs ∆Frequency (bottom) is shown to largely
overlap for each case.
It is clear from the data shown in Figure C.19 that fibrinogen does in fact interact with
surfaces that contain WLBU2. The nature of this interaction appears not to depend on
whether the surface contains entrapped or tethered WLBU2, as shown in Figure C.19
(bottom), despite overall mass loading being dissimilar (Figure C.19, top). Further
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evidence of this is that the percent mass eluted is 14% and 15% for fibrinogen on the
entrapped or tethered peptide, respectively. This interaction is directly related to the
inclusion of WLBU2, as fibrinogen does not substantially adsorb or remain on a surface
containing only F127, shown in Figure C.16.
The interaction between fibrinogen and WLBU2 associated surfaces is likely not due to a
higher order interaction between the two proteins, but likely only suggestive of an
electrostatic interaction between the two, as stated previously, WLBU2 contains an out of
balance net positive charge of 13, while the outer regions of fibrinogen carry a net
negative charge [27]. Interestingly, the adsorption and elution profile of fibrinogen as
compared to fibrinogen/LPS mixtures adsorbs and retains more mass for both entrapped
and tethered peptide. This strongly suggests that Fibrinogen/LPS mixtures exist as more
than a binary mixture of discrete molecules, but rather as a fibrinogen-LPS complex.
Further, although the experiments include a physiologically relevant concentration of
fibrinogen, the concentration of LPS is well beyond what may be expected in a clinical
setting; the 0.1 mg/mL used in this work corresponds to 500 g of LPS circulating in the
human body. For this experimentation, using smaller concentrations of LPS may not be
efficacious because the capture seen already by this non-optimized device analogue is
rather low (Figure C.14). More direct investigation of the interactions of fibrinogen and
LPS may be required to elucidate nuances shown in the data presented in this work, but
for the purposes of a clinical device, it may be more worthwhile to continue
investigations in other avenues.
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Despite clear evidence that fibrinogen interacts with surfaces containing WLBU2, and
that LPS and fibrinogen may create a complex structure, figures Figure C.20 and Figure
C.21 suggest that WLBU2, whether entrapped or tethered may in fact preferentially
capture LPS over fibrinogen. The data shown is of the ratio of Δf to ΔD vs time. Data
shown in this manner allows for more direct comparison of surface characteristics with
respect to adsorption and elution of various species, and time. Further, viewing the data
in this manner reveals intricacies not captured by other graphical methods. For instance,
as the ratio –Δf/ΔD increases, the adsorbed mass is changing more rapidly than is the
dissipation, suggestive of increasing rigidity. Conversely, as this ratio decreases, the
dissipation is increasing more rapidly than the frequency (or is decreasing less rapidly),
indicating the overlayer becomes less rigid.

Figure C.20: -∆Frequency/∆Dissipation of LPS (black), Fibrinogen (blue), and a
Fibrinogen/LPS mixture (red) on surfaces with entrapped WLBU2. Data shown contains
only adsorption and elution ratios. Mass loading was seen to decrease upon elution in all
cases.
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Figure C.21: -∆Frequency/∆Dissipation of LPS (black), Fibrinogen (blue), and a
Fibrinogen/LPS mixture (red) on surfaces with tethered WLBU2. Data shown contains
only adsorption and elution ratios. Mass loading was seen to decrease upon elution in all
cases.
In both Figure C.20 and Figure C.21, the overall shape of the curves is similar for each
surface. For the surfaces challenged with LPS, the ratio, -Δf/ΔD, does not appear to
change much upon elution. This suggests that the overall structure of the LPS does not
change upon elution, or more specifically, that there is unlikely to be an under layer of
spread LPS. The slight decrease, in fact, indicates that the layer becomes less rigid, as
mass was seen to decrease (frequency increases) upon elution in all figures showing ΔF
vs time. For fibrinogen, the situation is quite the opposite, because the ratio of ∆Frequency/∆Dissipation increases upon elution, and the mass decreased, the layer must
(i) become rigid upon elution, or (ii) loosely bound fibrinogen is removed, revealing a
rigid underlayer of associated protein. Finally, for the fibrinogen/LPS mixture on the
entrapped WLBU2 surface, ratio of frequency to dissipation is nearly identical to that for
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fibrinogen at the end of the adsorption cycle, but upon elution comes almost to the same
point as that for LPS. This pattern is consistent with a system wherein a smaller molecule
with slight affinity for the presented surface approaches that surface more quickly than its
larger counterpart that has a higher affinity. Over time the larger, higher affinity molecule
would replace the smaller one, resulting in a surface that initially behaves like one
containing only the smaller molecule, but ends similarly to a system containing only the
larger. As this pattern is seen in Figure C.20 and the pattern is similar, albeit not to the
same extent in Figure C.21 it may be hypothesized that even in a complex milieu
containing physiological quantities of fibrinogen, LPS capture is possible with both
entrapped and tethered WLBU2.

Conclusions
Analysis of the interaction between surface immobilized, PEG chain entrapped, and PEG
chain tethered WLBU2 with LPS using QCM-D, and CD, as well as the effects of γirradiation on PEGylated WLBU2 using UV/Vis spectroscopy and NMR, all reveal that
WLBU2 can interact with LPS in a manner keeping with its purpose whether irradiated,
PEGylated, or tethered. In this way, we have shown that WLBU2 holds promise for use
in a hemoperfusive device for the capture of sepsis causing LPS. QCM-D data suggest
that LPS capture by tethered WLBU2 likely retains its overall structure, meaning the LPS
membranes do not rupture, which would pass LPS fragments back into the body after
treatment. Introduction of a more complex milieu, i.e. fibrinogen and fibrinogen/LPS
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mixtures, reveals that fibrinogen interacts with WLBU2, very likely by electrostatic
association as WLBU2 carries a net positive charge, while fibrinogen carries a net
negative charge. Furthermore, QCM-D reveals a possible complex between fibrinogen
and LPS, rendering this system of less interest when considering the potential capture of
LPS from whole blood. We are currently evaluating more relevant concentrations of LPS
from solutions containing blood plasma, while also working toward an optimized surface
concentration of presented WLBU2. Results from that work will contribute to the subject
of a future report.
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