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ABSTRACT: Understanding the interrelation between surface & ° g% O @
chemistry of colloidal particles and surface adsorption of o §§‘L 1 2 gs
biomolecules is a crucial prerequisite for the design of materials  ou f R NHy §g}-:: (3] P OH.
for biotechnological and nanomedical applications. Here, we OL\H' ‘“":"_-"5‘9 ""g”" X, € %ol UL 10,
elucidate how tailoring the surface chemistry of colloidal alumina s IS Gk ' ?99 Pt

particles (dsy = 180 nm) with amino (—NH,), carboxylate — e o8 =

(—COOH), phosphate (—PO3H,) or sulfonate (—SO;H) groups G . oG
affects adsorption and orientation of the model peptide &Oﬂ“f 30‘_50"
glutathione disulfide (GSSG). GSSG adsorbed on native, —NH,- - 80
functionalized, and —SO;H-functionalized alumina but not on

—COOH- and —PO;H,-functionalized particles. When adsorption occurred, the process was rapid (<$ min), reversible by
application of salts, and followed a Langmuir adsorption isotherm dependent on the particle surface functionalization and {
potential. The orientation of particle bound GSSG was assessed by the release of glutathione after reducing the GSSG disulfide
bond and by { potential measurements. GSSG is likely to bind via the carboxylate groups of one of its two glutathionyl (GS)
moieties onto native and —NH,-modified alumina, whereas GSSG is suggested to bind to —SO;H-modified alumina via the
primary amino groups of both GS moieties. Thus, GSSG adsorption and orientation can be tailored by varying the molecular
composition of the particle surface, demonstrating a step toward guiding interactions of biomolecules with colloidal particles.

Glutathione disulfide

1. INTRODUCTION

Inorganic colloidal particles become coated with biomolecules
like peptides and proteins when exposed to biological fluids."*
How the particle surface chemistry guides the adsorption and
orientation of the biomolecules on the particle surface is yet not
well understood but crucial for the tailored design and
successful application of submicrometer- and nanoparticles in
many biotechnological and nanomedical applications and for
toxicological considerations." -3

Peptide—particle interactions are a model system for the
more complex protein—particle interactions and, moreover,
important for biosensing applications,* biomineralization,’
antibacterial surface modification,® cell-material adhesion,’
and controlled drug release.® Peptide adsorption onto particle
surfaces are, nevertheless, hard to control as contributions of
either electrostatic, hydrophobic interactions or hydrogen
bonding,”~"* the main driving forces of peptide-particle
interactions, are often not fully enlightened.>'>'* However, it
is becoming apparent that peptides “recognize” particle surface
properties and bind material specific and selective toward
different oxide particles.">™"” Such peptides with affinity toward
a specific material can be obtained by phage display
techniques.'”'® In contrast, to promote or avoid binding of a
given peptide onto an oxide particle, it is necessary to engineer
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the particle surface itself with specific properties to induce the
desired interaction (attraction/repulsion of the peptide)."

Surface functionalization allows to tailor the surface proper-
ties of colloidal particles and to facilitate the attachment of
charged groups (e.g, —NH;*, —SO;”) onto almost any metal
oxide particle. Such particle surface groups can interact with
oppositely charged carboxylate or amino groups in pep-
tides.”**">* However, peptide adsorption deviates from
predictions by just considering the net charges of particles
and peptides.">?"*> Due the multifunctionality of peptides
(e.g., coexistence of cationic and anionic surface groups), it is
crucial, but often unclear, which particle functional groups and
peptide residues indeed interact on a molecular level during
peptide-particle adsorption.

Colloidal alumina particles are an ideal substrate for stable
and tunable surface functionalizations”**** and thus an
appreciated model system to study peptide-particle adsorption
as a function of different surface chemistry. Alumina is
moreover widely used as a substrate material for biomedical
and biotechnological applications, including, e.g,, biosensing,25
protein separation and purification systems,® biocatalysis,” or
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drug delivery applications.”®* The alumina particle features
surface hydroxyl groups (Al-OH) that can be used to
functionalize the particle surface with, e.g, —NH, or —SO;H
groups. On the other hand, the Al-OH groups are itself
positively charged sites on the particle surface when they
protonate (Al-OH,*) below the particles’ isoelectric point
(IEP) of about 9.

An important physiological peptide is glutathione disulfide
(GSSG; y-GluCysGly disulfide) that derives from the oxidation
of glutathione (GSH, 7-GluCysGly) and is the disulfide of two
GSH molecules.'’ The GSH/GSSG redox pair is a highly
important redox system in eukaryotic cells, and GSH is a
necessary molecule in the defense of cells against oxidative
stress and toxins.>”>" Intact mammalian cells contain hardly any
GSSG. In defending oxidative stress, GSH is oxidized to GSSG
and then either regenerated by reduction or efficiently exported
by multldru§ resistance proteins, as shown for various cell
types."** 7% GSSG export helps to prevent a toxic intracellular
GSSG surge and leads to substantial extracellular GSSG
concentrations, that partially also derive from extracellular
GSH oxidation.>* In body fluids, such as blood serum, GSSG
concentrations of up to 150 uM are found.*® Materials that
come into contact with serum in biomedical and biotechno-
logical applications thus likely encounter extracellular GSSG.
GSSG, as a marker for oxidative stress, is furthermore a targeted
peptide in several biosensor applications.>**”

GSSG is an ideal biomolecule for the investigation of the
adsorption and desorption behavior on surface functionalized
particles. GSSG contains a disulfide bridge in addition to
carboxylate and amino groups and has been therefore
considered as a suitable model peptide for small proteins and
epltoIpes of larger proteins involved in protein-particle bind-
ing.”” In addition, the availability of a specific enzymatic cycling
assay for the quantification of picomole amounts of GSSG
allows a rapid and highly sensitive determination of even low
quantities of GSSG that have adsorbed or desorbed from
moderate amounts of particles.>® GSSG adsorption onto native
colloidal alumina particles was recently studied by Dringen et
al, who found that GSSG strongly adsorbs onto alumina via
electrostatic interactions between carboxylate groups of one
GSSG moiety and the positively charged alumina surface."'

In this study, we investigate how the GSSG adsorption and
orientation on alumina particles can be modulated by tailoring
the particle surface with acidic (—COOH, —SO;H, —PO;H,)
and basic (—NH,) surface groups. We have previously shown
that such surface functionalizations direct protein adsorption
processes.”*> This study goes beyond and here, the GSSG-
particle binding mechanisms, contribution of particles and
GSSG functional surface groups, and its orientation on the
particle surface could be elucidated on a molecular level by
studying GSSG adsorption on well-characterized surface
functionalized particles in combination with ¢ potential
measurement and analysis of the GSSG disulfide bond
reduction on the particle surfaces. Therefore the results
broaden fundamental understanding of protein—surface inter-
actions and are valuable for developing surface design strategies
for colloidal particles in biomedical and technological
applications.

2. MATERIALS AND METHODS

2.1. Materials. Polycrystalline a-alumina particles (Al,O5; TM-
DAR, lot. no. 8086, high-purity alumina >99.99%, ds, = 179 + 8 nm,
density = 3.98 g/cmS, specific surface area 11.5 mz/g) were
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purchased from Krahn Chemie (Germany). For surface functionaliza-
tion we used 3-aminopropyltriethoxysilane (99% in ethanol) for
—NH, groups and pyrophosphoric acid (>90%) for —PO;H, groups,
both from Sigma-Aldrich (Germany). 3-(triethoxysilyl)-
propylsuccinicanhydride, >94%, was used to generate —COOH groups
and 3-(trihydroxysilyl)-1-propanesulfonic acid, 30—35% in H,O for
—SO;H groups, both purchased from ABCR (Germany). 5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB), ethylenediaminetetraacetic acid
(EDTA), and GSSG were obtained from Sigma-Aldrich (Germany).
Dithiothreitol (DTT), nicotinamide adenine dinucleotide phosphate
(NADPH), and sulfosalicylic acid were obtained from AppliChem
(Germany). Glutathione reductase was purchased from Roche
Diagnostics (Germany). All other chemicals were obtained from
Fluka (Switzerland) or Merck (Germany) at analytical grade.

2.2. Methods. 2.2.1. Surface Functionalization of Al,Oj; Particles.
Alumina particles were functionalized as described previously by
Meder et al.*>* Briefly, suspensions of a-alumina particles, prepared by
mixing 15 g particles with SO mL double-deionized water (ddH,0)
with an electrical resistance of 18 MQ X cm (Synergy, Millipore,
Germany), were deagglomerated by sonication for 10 min with an
ultrasound horn Sonifier 450 (Branson, U.S.A., output: 150 W, pulse
rate: 0.5 s). The precursors were mixed with 50 mL ddH,O to a final
concentration of 0.09 M (this corresponds to 26 gmol/m?, normalized
to the specific surface area of the unmodified ALO; particles).
Subsequently, the precursor solution was added to the particle
suspensions and stirred for 60 min at 25 °C and was then heated for
90 min at 115 °C. Afterward, the particles were separated by
centrifugation and washed three times in 100 mL ddH,O to remove
any unreacted precursors. Then the particles were freeze-dried for 96 h
at —20 °C in vacuum using a freeze-dryer P8KE-80 (Piatkowski
Forschungsgerite, Germany) and subsequent heat treated at 70 °C for
2 h. The native alumina was calcined at 400 °C for 4 h followed by
autoclaving for 15 min at 121 °C and 2.0S bar (Systec 2S40ELV,
Systec, Germany) as a sterilization step, according to Dringen et alM!

2.2.2. Farticle Characterization. The { potential measurements
were conducted with an electroacoustic spectrometer DT1200
(Dispersion Technology Inc, U.S.A.). Isoelectric points were
determined by pH titrations using 1 M HCI or 1 M KOH. All
measurements were conducted with suspensions containing 1 vol % of
particles. Average and standard deviations were calculated from three
independent measurements. This procedure was also used to
determine the { potential and IEP of particles with GSSG.

Specific surface areas were calculated from nitrogen adsorption
isotherms using the Brunauer, Emmet, and Teller (BET) equation.
Adsorption isotherms have been recorded at —196 °C with an
automated surface area analyzer BELSORP-mini (Bel Inc., Japan). All
samples were gassed out at 120 °C under vacuum for 3 h before the
measurement.

Particle size was measured by dynamic light scattering with an
Ultrafine Particle Analyzer UPA 150 (Microtrac Inc, USA) using
aqueous suspensions with 0.1 vol % particle content. The average and
standard deviations were calculated from four to nine single
measurements of the ds, (intensity).

Elemental analysis was carried out by Mikrolabor Pascher
(Germany), and element concentrations were used to calculate the
amounts of functional groups related to the specific surface area of
unfunctionalized alumina particles (11.5 m*/g). Inductive coupled
plasma atomic emission spectroscopy was applied to determine the
sulfur and phosphor content of the functionalized particles after acid
pressure hydrolysis in an ICAP 6500 (Thermo, Germany). To quantify
the amino grou s, the nitrogen content was determined using the
Dumas method.” Carboxylate groups were determined by measuring
the carbon concentration by conductometric carbon dioxide
determination after combustion. The lower detection limit of the
elemental analysis was 0.01 wt % for S, P, and C and 0.1 wt % for N.
The analysis was conducted in duplicates. Further characterizations of
the functionalized particles including transmission electron micros-
copy, water vapor, and n-heptane adsorption to determine the
hydrophilic and hydrophobic properties of the particles can be found
in Meder et al.**

dx.doi.org/10.1021/ja401590c | J. Am. Chem. Soc. 2013, 135, 6307—6316



Journal of the American Chemical Society

Table 1. Physicochemical Properties of Functionalized and Unfunctionalized Alumina Particles

Surface functionalization and sample name Functional groups density (+ 0.2 nm™?) Surface area (m*/g)  dso(nm)  IEP (+£0.2)
@-on ALOs 20 115 179+8 93
....................................................... unfunctionalized - S B
> CooH
£ ALO;-COOH 44 13.3 187£9 32
¢ COOH
@\/\/"“2 ALO;- NH: <34 11.8 186+ 5 11.0
@Noa" ALO;-SOsH 4.6 17.6 1748 1.5
A -
20 o/
gof‘g{ ~ o ALOs-POsH: 23 13.6 180£8 2.4

2.2.3. Incubation of GSSG with the Particles. Aqueous particle
suspensions (1 vol %) were prepared by mixing 398 mg particles in 9.9
mL ddH,O. The suspensions were then deagglomerated for 10 min
using an ultrasound horn Sonifier 450 (Branson, U.S.A,, output: 150
W, pulse rate: 0.5 s). The as-prepared suspensions were subsequently
incubated with GSSG under the conditions indicated for the individual
experiments. All incubations were performed at room temperature (25
°C). Particle sedimentation was prevented by permanent mixing using
a rotator drive STR4 (Staffordshire, USA) at a speed of 13 rpm
(adsorption/desorption experiments) or by using a horizontal shaker
Unimax 1011 (Heidolph Instruments, Germany).

For the adsorption experiments, 50 uM GSSG, or the GSSG
concentration stated in the figure, was incubated with 0.1 vol %
particle suspension in 1 mL ddH,0. The pH for the prepared
suspensions was 4.8 for Al,O;, 6.4 for Al,O;—NH,, 4.3 for ALO;—
COOH, 42 for ALO;—SO;H, and 4.1 for ALO;—PO;H,. After
different incubation time intervals (60 min or as stated in the figures),
the samples were centrifuged for 10 min at 12100 g (Minispin,
Eppendorf, Germany), and the remaining GSSG in the supernatant of
the solution was determined.

To quantify the particle bound GSSG, the GSSG was released from
the particle surface using a procedure adapted from Dringen et al.''
Therefore, the pellet, received in the above-described centrifugation
step, was washed with 1 mL ddH,O and centrifuged again (S min, 12
100 g). This pellet was then resuspended in 1 mL 10 mM KOH (pH
12.3) by vortexing and directly centrifuged (10 min, 12100 g).
Incubation of the particles in 10 mM KOH for up to 60 min (as done
in the procedure of Dringen et al.)'' did not further increase the
amount of released GSSG. The KOH treatment was sufficient to
completely release the particle bound GSSG, which was then
quantified.

2.2.4. Reduction of Particle Bound GSSG. The disulfide bonds of
particle bound GSSG were reduced using DTT. Therefore, 0.1 vol %
particle suspensions were preincubated for 30 min with 1 mM GSSG.
After centrifugation (10 min at 12100 g) and washing with 1 mL
ddH,0, the particle pellets were dispersed in 1 mL ddH,O containing
no DTT or 20 mM DTT. After 60 min of incubation, the particles
were washed, and the bound GSSG or GSH was released with KOH as
described above. The samples for the { potential measurements were
prepared likewise using a 1 vol % particle suspension to achieve a
reliable signal. The concentrations of GSSG and DTT were
accordingly upscaled to 10 mM GSSG and 200 mM DTT.

2.2.5. Effect of lons on Particle Bound GSSG. To investigate the
potential of ions to desorb GSSG from the particles, I mM GSSG were
preincubated with 0.1 vol % particle suspensions for 30 min in 1 mL
total volume. After centrifugation (10 min, 12 100 g) the pellet was
washed with 1 mL ddH,O, dispersed in 1 mL ddH,O or in ddH,0O
containing NaCl, Na,SO,, or (NH,),SO, in concentrations of up to
100 mM and subsequently incubated for 60 min. The pH of the
ddH, 0 and salt solutions was 6.2. After centrifugation, the supernatant
was harvested, and the desorbed GSSG was determined.
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2.2.6. Determination of GSSG and GSH. GSSG was quantified as
described previously*®*' in microtiter plates according to the
colorimetric method originally described by Tietze et al.*® Briefly, 10
uL of the supernatant was mixed with 10 yL 1% (w/v) sulfosalicylic
acid and diluted with 80 L ddH,O in a well of a microtiter plate. The
reaction was started by the addition of 100 uL reaction mixture (0.06
U glutathione reductase, 0.3 mM DTNB, 0.4 mM NADPH, 1 mM
EDTA in 0.1 M sodium phosphate buffer, pH 7.5), and the increase in
absorbance due to the formation of S-thio-2-nitrobenzoate was
followed at 405 nm using a microtiter plate reader (Sunrise, Tecan,
Austria). GSSG contents were calculated by comparison to values
obtained for GSSG standards. This assay detects GSH in addition to
GSSG.*® Therefore, the amount of GSH that was adsorbed to the
particles after treatment of GSSG-bound particles with DTT was also
quantified by the GSSG assay, considering that a given GSH amount
gives only half of the signal of the respective GSSG amount.

2.2.7. Adsorption Isotherm Fit. The experimental adsorption
isotherm was fitted using the Langmuir equation:

I _*c

max

FZT
Ky +¢

where I" and I';,, are the adsorbed and maximal adsorbed quantities,
respectively, ¢ is the GSSG concentration in solution, and Ki' is the
Langmuir constant of the system. K{' was then used to calculate the
standard Gibbs energy of adsorption AGYy as previously described**
using the equation:

-1

0 _ Coolv
AGY, = —RT In| S
KL

where R is the gas constant, T is the standard ambient temperature,
and c,,, is the molar concentration of the solvent water (55.5 mol/L).

2.2.8. Modeling of GSSG Properties. The partial charge distribution
of GSSG as function of the pH was calculated from equilibrium
constants predicted by linear free energy relationships using ACD/
LabsI-Lab 2.0, version 5.0.0.184, Advanced Chemistry Development,
Inc, Toronto, ON, Canada, www.acdlabs.com.** To calculate the
surface potential distribution, the chemical structure information for
GSSG available in the PubChem substance and compound database
through the substance identifier number CID: 44630308"° was used,
and Gasteiger partial charges were assigned using Vega ZZ (version
3.0.1).*The GSSG surface potential at neutral pH and ionic strength
of 1 mM at 25 °C was calculated using the adaptive Poisson—
Boltzmann solver,*” and isosurfaces of negative and positive potentials
represent equipotentials of +30 mV visualized using Visual Molecular
Dynamics (version 1.8.7).*

3. RESULTS

3.1. Characteristics of Surface Functionalized Par-
ticles. Table 1 shows the physicochemical properties of the five
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types of colloidal alumina particles investigated in this study.
The surface densities of the functional groups after surface
functionalization were found between 2.3 and 4.6 + 0.2
groups/nm” as determined by elemental analysis. The hydroxyl
group surface density on native alumina (Al-OH) yields 2.0 =
0.2 AI-OH/nm?* determined by potentiometric titration (data
not shown). Comparing the surface densities suggests that on
average one precursor molecule associated with one Al-OH
group in case of the —COOH and —PO;H, functionalization.
During —SO;H and —NH, surface functionalization, a second
precursor molecule may additionally condense or cross-link
with an already deposited precursor molecule (e.g, via a free
silanol group) leading to a functional group density that is
about twice than expected from the Al-OH surface density.”!
The median particle size (ds,) was maintained at about 180 nm
after surface functionalization (particle size distribution is given
in the Supporting Information). The specific surface area
determined by nitrogen adsorption slightly increased depend-
ing on type and surface density of functional groups attached.
This indicates that the small nitrogen molecules can adsorb on
the molecules attached to the particle surface increasing the
measured particle surface area.”’ However, these changes of the
surface area are expected to be too small to influence the
adsorption of a biomolecule like GSSG that is about 10 times
larger than a nitrogen molecule. To normalize the GSSG
adsorption on the particle surface area (see section 3.4.), thus
for all particles, the specific surface area of native Al,O5 particles
was used. The IEP of native alumina particles was found as
expected at pH 9.3* and was shifted toward pH 11 after
introduction of the basic —NH, groups. In contrast, attachment
of acidic —=COOH, —PO;H,, and —SO;H groups shifted the
IEP to 3.2, 2.4, and 1.5, respectively. A further increase in
precursor concentration for functionalization did neither
increase the shift of the IEP nor the functional group density
(data not shown), suggesting that the conditions used caused a
saturation of the particle surface with functional groups. Similar
findings are reported in our previous work which shows by
transmission electron microscopy that the particle morphology
and size are unchanged after surface functionalization and by
water vapor and n-heptane adsorption studies that the particles
have slight differences in their hydrophilic/hydroghobic
properties depending on their surface functionalization.**

3.2. GSSG Structure and pH-Dependent Charge. The
GSSG structure is depicted in Figure 1. The charged status of
GSSG is strongly affected by the pH which determines the
extent of deprotonation and protonation of the carboxyl and
amino residues of GSSG (Figure 1). In the pH range of 4—8,
which is the pH of the GSSG adsorption experiments, GSSG
has a constant total charge of —2 due to four deprotonated
carboxylate groups (—COO7™) and two protonated amino
groups (—NHS,"). Although GSSG is overall negatively charged,
positively charged sites exist, which are illustrated by the surface
potential distribution of the GSSG molecule (Figure 1).

3.3. Effect of Surface Functionalization on GSSG
Adsorption. Figure 2A depicts the influence of the particle
surface functionalization on the amount of GSSG in the
supernatant (Figure 2A, left panel) after the particles were
incubated with S0 uM GSSG (S0 nmol per sample). Figure 2B
shows the pH of the as-prepared suspension during GSSG
incubation and the { potential of the particles at this pH.
Incubation with Al,O;, Al,O;—NH,, and Al,0;—SO;H
significantly reduces the amount of GSSG in the supernatant
to 142 + 1.2, 17.7 + 0.7, and 32.6 + 1.3 nmol, respectively,
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Figure 1. Partial charge distribution of GSSG as function of the pH.
Surface potential distribution is represented by isosurfaces of negative
(red) and positive (blue) potentials calculated for equipotentials of
+30 mV at neutral pH and ionic strength of 1 mM at 25 °C.
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Figure 2. (A) Adsorption of GSSG as function of the surface
functionalization of Al,O; particles: 50 nmol GSSG per sample
(corresponding to a concentration of S0 #M) was incubated for 60
min with the particles (0.1 vol %) in ddH,0, and the remaining GSSG
content in the supernatant was determined (black bars, left).
Subsequently the particles were washed in ddH,O and resuspended
in 10 mM KOH (pH 12.3) to release the adsorbed GSSG (white bars,
right). The data represent means + standard deviation of three
independent experiments. (B) The pH of the as-prepared suspensions
during GSSG incubation and the particles’ { potential at this pH (ionic
strength is <107* M).

indicating GSSG adsorption on these particles. In contrast,
none or only marginal GSSG adsorption was found after
incubation with Al,0;—COOH (46.4 + 1.3 nmol) or Al,O;—
PO;H, (46.3 + 1.2 nmol).

Treatment of the particles after GSSG adsorption with 10
mM KOH enabled to release and quantify the particle bound
GSSG (Figure 2A, right panel). For ALO;—COOH and
Al,O;—PO;H,, no GSSG was released by KOH as expected
from the, at best, marginal GSSG loss found for the supernatant
of these particles. For Al,O;, Al,O;—NH,, and AlL,O;—SO;H,
29.1 + 0.6, 27.4 + 0.5, and 10.3 + 1.0 nmol GSSG were found
adsorbed to the particles, respectively, which corresponded well
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Figure 3. (A) Time and concentration dependency of GSSG adsorption to AL O, AL,O;—NH,-, or Al,0;—SO;H-functionalized particles. The pH
for the adsorption phase was 4.8 for ALO;, 6.4 for Al,O;—NH,, and 4.2 for AL,O;—SO;H (at S0 uM GSSG). (B) GSSG adsorption isotherms and
Langmuir regressions of the concentration-dependent adsorption of GSSG to AL O; ALO;—NH,, or Al,0;—SO;H particles. (C) Langmuir
constants and Gibbs energies for the adsorption of GSSG calculated from the values shown in (B). The data shown are the amounts of GSSG that
had been released from the particle surface by KOH. The data represent means + standard deviation of three independent experiments.

with the GSSG loss determined for the supernatant. The KOH
treatment partially lowers the amount of particle surface
functional groups indicated by IEP measurements (Table S2),
and the GSSG release by KOH may be a consequence of
alumina particle surface dissolution, dissolution of the func-
tional groups from the particles, and GSSG desorption
processes. In fact, the GSSG amounts determined in the
KOH supernatants matched the amounts of GSSG that had
disappeared from the ddH,O supernatants, confirming that the
KOH treatment of the particles is suitable to quantitatively
determine the adsorbed GSSG.

The particle { potentials determined for the GSSG
adsorption conditions (Figure 2B) indicate that ALO; and
AL O;—NH, are, as expected from their IEP (Table 1), net
positively charged under the conditions used for GSSG
adsorption. Interestingly, among the net negatively charged
particles, ie, Al,O;—COOH, Al,0;—SO;H, and Al,O;—
PO;H,, GSSG adsorbed exclusively onto Al,0;—SO;H.

As significant GSSG adsorption was only found on AlL,O;,
Al,0;—NH,, and AL,O;—SO;H, we focused for further analysis
on the interaction of GSSG with alumina only on these particle
types.

3.4. Time and Concentration Dependencies of GSSG
Adsorption. The adsorption of GSSG was found to be rapid
and after already <5 min incubation, maximal amounts of
GSSG were found adsorbed onto AlL,O, Al,O;—NH,, and
Al,O;—SO;H that had been incubated with 5, 50, or 500 nmol
GSSG (Figure 3A). Longer incubation times of up to 60 min
did not result in higher GSSG adsorption, and 30 min
adsorption time was used to investigate the concentration
dependence of the GSSG binding to Al,O; and Al,O;—NH,-
and Al,0;—SO;H-functionalized particles in more detail
(Figure 3 B). GSSG adsorption saturated on ALO; particles
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at about 39 uM, which corresponds to 852 nmol GSSG/m? or
1.95 nm?/GSSG molecule when the amount of adsorbed GSSG
was normalized to the surface area of the particles. These values
correspond quite well to the concentration of a theoretical
regular monolayer of GSSG which contains 844 nmol/m*
assuming that GSSG occupies a circular surface area of about
1.55 nm* (maximal GSSG projection area,*® Figure S3) and a
surface packing density of 78.5% (quadratic packing). In case of
Al,O;—NH,, GSSG adsorption exceeded a theoretical GSSG
monolayer and saturated at about 76 M (1660 nmol GSSG/
m?). The area that one GSSG molecule occupied on Al,O;—
NH, was about 1.0 nm? which corresponds to the theoretical
minimal projection area of GSSG of 1.0 nm? > (Figure S3). For
Al,O;—SO;H, GSSG adsorption saturated already at about 19
UM (415 nmol GSSG/m” corresponding to an adsorption area
of 4.0 nm” per GSSG molecule), which is below the calculated
theoretical monolayer.

The Langmuir regression provided a good fit for the
adsorption data (Figure 3B). The correlation coefficient and
the characteristic Langmuir constants calculated for the GSSG
adsorption onto Al,O;, Al,0;—NH, or Al,O;—SO;H particles
are given in Figure 3C. The Gibbs energies of GSSG adsorption
AGYy were calculated from the Langmuir fits of each particle
type and were found similar for AlL,O; AlL,O;—NH,, and
AL,O;—SO;H.

3.5. Desorption of GSSG by Salt Addition. To estimate
the contribution of electrostatic interactions in the binding of
GSSG to alumina particles, the effect of ions of varying type
and valences on the amount of GSSG bound to Al,O;, Al,O;—
NH,, or Al,O;—SO;H particles was investigated. Particles were
preincubated with 1000 nmol GSSG which resulted in maximal
binding of GSSG to the particles (Figure 3). Subsequently, the
GSSG-loaded particles were incubated with salt solutions of pH
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6.2. The relative amount of GSSG desorbed from the particles
by different ions is depicted in Figure 4. The presence of NaCl

A AL0,

100

il

desorbed GSSG (%)

Al,0;-SO;H
o C A0550;

0 1 10100
[Na,S0,]
(mM)

0 1 10100
[(NH,),S0,]
(mM)

0 1 10100

[NaCl]
(mM)

Figure 4. Desorption of GSSG from Al,O;, Al,O;—NH,-, or Al,O;—
SO;H-functionalized particles resuspended in different salt solutions.
The 1000 nmol GSSG was preincubated with 0.1 vol % of the particles
for 30 min. Subsequently, particles were centrifuged, washed with 1
mL ddH,O, resuspended in ddH,O at pH 6.2 containing NaCl,
Na,SO,, or (NH,),SO, in the indicated concentrations, and incubated
for 60 min. The data represent the relative desorbed GSSG amounts.
Means + standard deviation are of three independent experiments.

leads to a concentration-dependent increase in GSSG
desorption from Al,O; and Al,O;—NH, particles. After
incubation with 100 mM NaCl, about 55% (Al,O) and 63%
(AL, O3;—NH,) of the bound GSSG had been desorbed. The 1:2
electrolyte Na,SO, resulted at a concentration of 100 mM in a
stronger desorption reaching 89% GSSG desorption for Al,O,
and 82% for Al,O;—NH,. In (NH,),SO, solution (also 1:2
electrolyte), the GSSG desorption behavior was similar to that
in Na,SO, solution, thus exchanging Na* with the larger NH,*
ion did not affect the GSSG desorption from Al,O; and Al,O;—
NH,. In contrast, for Al,0;—SO;H, even a 100 mM NaCl
concentration did not support GSSG desorption, indicating a
stronger interaction of GSSG with Al,O;—SO;H than with
Al,O; and Al,O;—NH,. In contrast, presence of either Na,SO,
or (NH,),SO, enabled a concentration-dependent GSSG
desorption from AlL,O;—SO;H and 100 mM of these salts
desorbed 68% and 63%, respectively, of the bound GSSG.
3.6. Reduction of the Disulfide Bond of Adsorbed
GSSG. One GSSG molecule contains two glutathionyl (GS)
moieties, which are connected by a disulfide bond (Figure 1).
Reduction of GSSG with DTT will therefore generate two
GSH molecules. This reduction allows to estimate whether one
or both of the two GS moieties of one adsorbed GSSG
molecule contributes to the binding to the particles, following
the approach of Dringen et al.'' Therefore, 0.1 vol % of the
particles was preincubated for 30 min with 1 mM GSSG to bind
GSSG, unbound GSSG was removed, and the particles were
subsequently incubated for 60 min with ddH,O or with 20 mM
DTT in ddH,0. The amount of particle adsorbed GS moieties
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after incubation at nonreducing or reducing conditions
(absence and presence of DTT, respectively) is shown in
Figure SA. For Al,O; and Al,O;—NH, particles, about 75% of
the initially bound GS-moieties was released by the DTT
treatment compared to the nonreducing conditions. In contrast,
DTT treatment did not liberate any GS moieties from GSSG
that had been adsorbed to Al,0;—SO;H particles, suggesting
that both GS moieties of GSSG are involved in interactions
with the surface of Al,0;—SO;H-functionalized particles.

The { potential and IEP measurements were used to confirm
the results of the DTT treatment and to provide information
on the functional groups of adsorbed GSSG or of the particle
surface that contributes to the electrokinetic particle properties.
We therefore compared { potential and IEP of the particles
without GSSG, after GSSG adsorption, and after GSSG
adsorption and DTT treatment (Figure S B). For native
Al,Oj; particles, the GSSG adsorption shifted the IEP from 9.3
+ 0.1 to the more acidic 72 + 0.1, demonstrating the
contribution of adsorbed GSSG to the electrokinetic particle
properties. After DTT treatment, the IEP was shifted back to
more basic 8.8 + 0.1, which correlated with the loss of GS
moieties. However, the initial IEP of Al,O; was not recovered,
indicating that GS moieties are still attached to the particle
surface. For Al,O;—NH,-functionalized particles, GSSG
adsorption shifted the IEP similarly from 10.9 + 0.3 to the
slightly more acidic 9.5 #+ 0.2. After DTT treatment, the IEP of
Al,O;—NH,-functionalized particles was found at 11.0 + 0.1,
representing almost the IEP of untreated Al,O;—NH, particles.
However, the { potential curve of the treated particles was
between that of bare and GSSG-covered Al,O;—NH,-particles,
which suggests presence of remaining GS moieties on the
particle surface. For Al,0;—SO;H-functionalized particles, the
IEP varied only slightly after GSSG adsorption and DTT
treatment. In addition, no significant variation of the { potential
curve was observed, suggesting that the —SO;H groups still
dominate the electrokinetic properties of these particles, in
correlation with the below-monolayer amounts of adsorbed
GSSG on Al,0;—SO;H-functionalized particles.

4. DISCUSSION

GSSG adsorption is strongly affected by the surface
functionalization of alumina particles as demonstrated by our
data for particles with —NH,, —COOH, —SO;H, and —PO;H,
functional groups, and the sensitive enzymatic cycling assay of
GSSG allowed a precise analysis of the amounts of GSSG
adsorbed and desorbed from the particles under various
experimental conditions.

We observed high GSSG adsorption onto native alumina
particles. As previously reported, the net negatively charged
GSSG adsorbs effectively onto the positively charged alumina
particles driven by electrostatic interactions between GSSG and
alumina."' Functionalization of the alumina particles with
—NH, groups introduced positively charged groups onto the
surface, increased the particles IEP, and resulted in enhanced
GSSG adsorption. This was observed although the net {
potential was slightly lower for the —NH,-modified alumina
particles when compared to native alumina particles, which may
be due to the different pH values of the as-prepared and
unbuffered solutions used for the measurements (pH 6.4 for
—NH,-functionalized alumina and pH 4.8 for native alumina
particles). The acidic functionalizations (—COOH, —PO;H,,
and —SO;H functional groups) introduced a negative particle {
potential, and according to an electrostatic interaction
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Figure 5. (A) Effects of dithiothreitol (DTT) on the GSSG adsorbed to Al,O5, A,O;—NH,- or Al,0;—SO;H-functionalized particles: 0.1 vol % of
the particles were preincubated for 30 min with 1 mM GSSG, the unbound GSSG was removed, and the particles were subsequently incubated for
60 min with ddH,O or 20 mM DTT in ddH,O. For the nonreducing conditions, the amount of adsorbed GSSG is considered to be not affected,
while for the reducing conditions, it is assumed that exposure to DTT will have reduced all disulfide bonds in the adsorbed GSSG. The data
represent the amount of GS-moieties in either GSSG or GSH that remained adsorbed on the particle surface during the main incubation and were
finally released by 10 mM KOH. (B) Influence of the GSSG adsorption and DTT treatment on the { potential as function of the pH and the
particles’ IEP. The data represent means =+ standard deviation of three independent experiments.

approach, they lowered (Al,0;—SO;H) or even prevented
(AL,0;—COOH, —PO;H,) adsorption of net negatively
charged GSSG to the particles (Figures 1 and 2). Unexpectedly,
some GSSG adsorption was exclusively found on —SO;H-
functionalized alumina, although —COOH and —PO;H,-
functionalized particles have almost the identical { potential.
It was previously shown that protein adsorption on —SO;H-
functionalized alumina also varies from that of —COOH and
—PO;H,-functionalized alumina particles, and an influence of
the different acidity of the functional groups was suggested to
be responsible for this effect.”” Indeed, —SO,H groups have the
lowest pK, (pK, = 1.53) value, and the deprotonated state is
most stable compared to the —COOH (pK, = 4.13) and
—PO;H, (pK, = 2.16) groups at the pH of about 4.2 + 0.1,
beneficial and necessary for interactions with the positively
charged sites on GSSG. Milani et al. also reported different
protein adsorption on —COOH and —SO;H modified
polystyrene particles and found that the adsorption of
transferrin is stronger on —SO;H modified particles than on
—COOH modified particles.'* A further effect may derive from
the close proximity (geminal configuration) of the positively
charged amino and negatively charged carboxylate group in the
GSSG molecule. The binding of GSSG via its positively charged
amino group with a negatively charged particle surface group
might be hindered if a second negatively charge particle surface
group is nearby and repulses the carboxylate group of GSSG.
Such an effect may particularly happen in the case of AL,O;—
COOH, where the precursor molecule carries two vicinal
carboxylate groups.
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Native alumina, —NH,-, and —SO;H-functionalized alumina
particles were investigated in detail to study the molecular
mechanisms involved in their GSSG adsorption behavior.
GSSG adsorption was rapid as demonstrated by maximal
bindings that were achieved within 5 min, and the adsorption
isotherms demonstrated that the GSSG adsorption was
saturable. The Gibbs energy of adsorption AGYy estimated
from the GSSG adsorption isotherms were in the range of
typical values for electrostatic adsorption processes (<50 kJ/
mol)>* and similar to those previously found for GSSG and
GSH adsorption onto alumina.'"'> The negative values of
AGY;, which were almost identical for Al,O;, Al,O;—NH,, or
Al,O;—SO;H particles, indicate an exergonic adsorption
behavior of GSSG to all three types of particles, which thus
appears in this regard to be rather independent of the surface
functionalization.

That mainly electrostatic interactions are responsible for the
adsorption of GSSG to the particle surface is further supported
by the ability of salts to desorb GSSG from the three types of
particles investigated. Nonetheless, independent of the particle
surface chemistry, some GSSG remained adsorbed on the
particles after salt application, which was not unexpected, as
electrostatic interactions still occur at the highest ionic
strengths used (Debye lengths are ~1 nm at 100 mM).>* In
addition, a contribution of nonelectrostatic interaction forces
(e.g, hydrogen bonding) in GSSG—particle interaction cannot
be totally excluded but is likely to play only a secondary role in
the interaction between GSSG and the alumina particles
investigated. Interestingly, the interaction between GSSG and
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—SO;H-functionalized alumina seems to be more stable against
exposure to different salt solutions than that of GSSG with
native or —NH,-functionalized alumina, as the presence of
NaCl, even in a concentration of 100 mM, was unable to
desorb additional GSSG from the —SO;H-functionalized
alumina compared to the respective salt-free control. This
suggests a different binding mechanism and a potentially
different orientation of GSSG on positively and negatively
charged surfaces as discussed in the following.

The saturation of GSSG adsorption suggests that a limited
number of adsorption sites for GSSG are available on the
particle surface and excludes substantial multilayer formation by
peptide—peptide interactions between GSSG and particle-
preadsorbed GSSG. The GSSG concentrations that enable
maximal GSSG binding were transferred into the surface area
occupied by one GSSG molecule (1.95 nm” per GSSG
molecule on native alumina, 1.0 nm? on —NH,-functionalized
alumina, and 4.0 nm? on —SO,H-functionalized alumina). The
results for native alumina and —NH,-functionalized alumina are
quite alike the projection areas calculated from a rigid structure
of the GSSG molecule, maximal 1.55 nm? (side-on area) and
minimal 1.0 nm* (end-on area), respectively (Figure $3).>°
Although GSSG is a flexible molecule and conformational
changes are likely to influence the molecule size during
adsorption,”'" the strong correlation of the theoretical and
experimentally determined GSSG adsorption area suggests that
GSSG adsorbs in a side-on adsorption mode on native alumina
particles and in an end-on adsorption mode on —NH,-
functionalized alumina particles.

The approach estimates also which functional groups of the
particles and the GSSG molecule can theoretically interact with
each other. A surface area of 1.55 nm’ on native alumina
particles (2.0 + 0.2 AI-OH/nm?) contains about 3 Al-OH
groups which could potentially interact with 1-3 of the 4
carboxylate groups of GSSG in side-on orientation. This is only
possible when all AI-OH groups determined by potentiometric
are sterically accessible and equivalent binding sites for the
GSSG carboxylate groups. That may not be always the case,
and GSSG is indeed suggested to bind, despite side-on
orientation, with only 1-2 carboxylates of one GS moiety as
discussed later. GSSG has a higher affinity for —NH,-
functionalized alumina particles and is proposed to adsorb on
these particles with its minimal projection area reaching higher
surface packing than on native alumina particles. The
concentration of —NH, groups per surface area is <3.4 NH,/
nm? (although the IEP of these particles clearly demonstrates
the presence of —NH, an exact quantification via elemental
analysis was not achieved). A GSSG molecule that covers 1.0
nm® can contact thus maximally three —NH, groups. The
suggested end-on adsorption mode of GSSG might promote
that only 1—2 of the —COO™ groups of GSSG interact with the
particle surface. This assumption is further supported by the
slightly lower adsorption enthalpy for —NH,-functionalized
alumina compared to native or —SO;H functionalized particles,
which is influenced by the number of functional groups/charge
carriers interacting during adsorption.54 Moreover, the results
of the reduction of the disulfide bridges of bound GSSG on the
particle surface by DTT suggest that GSSG interacts indeed
with only one of its two GS moieties with native and —NH,-
functionalized alumina particles (also previously suggested for
native alumina)."’ On both, native and —NH,-functionalized
particles, the reduction of the disulfide bridge removed >50% of
the GS moieties which are not bound to the particle surface

6314

(Figure S). The loss of GS moieties even exceeds S50%
indicating that some of the GSH moieties generated on the
particles during the reduction of adsorbed GSSG will desorb
from the particles consistent with the previous findings that
binding of GSH is weaker on alumina surfaces than that of
GSSG and bound GSH quickly desorbs from alumina to
establish equilibrium between adsorbed and free GSH."'""?

On —SO;H-functionalized alumina particles, the experimen-
tally determined GSSG projection area (4.0 nm*/GSSG
molecule) is higher than the maximal theoretical projection
area of GSSG. This suggests that GSSG is not densely packed
on the particle surface and some particle surface may remain
uncovered. The repulsion between negatively charged —SO;~
groups of the particles and carboxylate groups of GSSG could
be a driving force preventing a better coverage of the surface.
Assuming that GSSG covers its maximal projection area (side-
on, 1.55 nm?/GSSG molecule) on —SO;H-modified alumina
(4.6 £ 0.2 SO3H/nm?), a GSSG molecule would occupy about
seven —SO;H groups. Due to such a high availability of —SO;H
groups per GSSG molecule, it is likely that both of the two
protonated —NH;" of the GSSG interact with deprotonated
—SO;7groups on the particle surface. This hypothesis is
strongly supported by the results of the reduction of the
disulfide bridges of bound GSSG on the particle surface by
DTT, which does not lower the amount of adsorbed GS
moieties on Al,O;—SO;H. As each of the GS moiety of GSSG
contains one —NH;*, that is likely to interact with the —SO;~
groups of the particle surface, the reduction of one molecule of
adsorbed GSSG into two molecules of bound GSH will not
lower the amount of adsorbed GS moieties from —SO;H-
functionalized alumina. Ilustration of hypothetical binding
modes of GSSG on Al,O; ALO;—NH,-, or AL, O;—SO;H-
functionalized particles is given in Figure 6.

The electrokinetic analysis of the particles after GSSG
adsorption and disulfide bridge reduction (Figure S) supports
the proposed adsorption behavior. Assuming that the surface is
completely covered with GSSG in case of native and —NH,-
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Figure 6. Illustration of hypothetical binding modes of GSSG on
Al,O;, Al,O;—NH,-, or Al,0;—SO;H-functionalized particles. GSSG
contains two GS moieties that are connected by a disulfide bridge.
Reduction of GSSG by DTT will generate two molecules of GSH. In
case of Al,O; and Al,O;—NH, about 75% GSH molecules are released
by the DTT treatment and around 25% remain bound to the particle
by electrostatic interactions between positively charged groups on the
particle surface and negatively charged carboxylate groups of GSH. In
case of Al,O;—SO;H particles, the DTT treatment does not liberate
any GSH, and it is expected that both GS moieties are bound to the
particle surface by interactions between negatively charged —SO;H
groups on the particle surface and positively charged protonated
—NH, groups of the GSSG.
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functionalized alumina, only the functional groups of the
adsorbed GSSG will determine the { potential and IEP, and the
initial particle surface will lose its influence. For native and
—NH,-functionalized alumina, GSSG adsorption shifted the
particles IEP to more acidic values, which demonstrates the
contribution of free carboxylate groups of GSSG to the
establishment of the new IEP. Those carboxylate groups that
contribute to the particle IEP are unlikely to be involved in
binding between GSSG and the particle surface.

In addition, the { potential and IEP of native and -NH,-
functionalized alumina after GSSG adsorption were not
completely governed by negative carboxylate groups which
would have led to a negatively charged and acidic IEP. This
observation suggests a contribution of unbound protonated
—NH;"* groups of GSSG to the electrokinetic properties. The
increase of the IEP after DTT treatment confirms the release of
GS moieties from native and —NH,-functionalized alumina. In
contrast, in case of —SO;H-functionalized particles, the GSSG
adsorption did not alter the IEP and pH-dependent { potential
as expected by a substantial influence of the initial particle
surface of —SO;H-functionalized alumina on the IEP and {
potential due to only partial GSSG coverage. Due to their likely
involvement in binding of GSSG to the —SO;H-functionalized
alumina particles, the positively charged —NH;" groups of
GSSG do not significantly impact the electrokinetic particle
properties, which should also not be affected by reduction of
bound GSSG to GSH by DTT. Indeed, DTT treatment did not
affect the { potential and only marginally the IEP of —SO;H-
functionalized alumina particles that had been preincubated
with GSSG.

B CONCLUSIONS

The surface chemistry of colloidal alumina particles tailored
with —=NH,, —COOH, —PO;H,, and —SO;H functional groups
strongly affects the adsorption and the orientation of GSSG on
the particle surface. Although electrostatic interactions are
suggested as a main driving force for the GSSG adsorption, the
type, concentration, and acidity/basicity of the functional
surface groups, rather than just the { potential, have to be
considered to predict and control GSSG adsorption. Our data
suggest the following adsorption behavior of GSSG as function
of the particle surface chemistry: GSSG adsorbs on positively
charged native alumina in monolayer concentrations via the
carboxylate groups of one of its GS moieties in a side-on
orientation. GSSG has a higher affinity and denser surface
packing on positively charged —NH,-functionalized alumina,
binding in end-on orientation also via the carboxylate groups of
one GS moiety. Among the acidic and negatively charged
particles bearing —PO;H,, —COOH, and —SO;H groups,
GSSG adsorbs exclusively onto —SO;H modified alumina.
Here, GSSG is suggested to bind with both GS moieties via its
two protonated amino groups and only partially covers the
particle surface in a side-on orientation. These results represent
a firm base for further studies on GSSG and peptide adsorption
phenomena at physiological conditions or in biological fluids
under competition with other peptides and proteins. Tailored
particle surface functionalization might then be employed to
control peptide and protein adsorption amount and orientation
by a specific design of the materials surface chemistry and its
functional groups.
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