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he size of nanoparticles (1—100 nm) is
Tcommensurate to those of important

biological components, and conse-
quently, there is a high probability that
these nanoparticles interact with biomole-
cules (e.g., DNA, proteins, cell membranes,
etc) and interfere with cellular processes.' ™
In particular, metal oxide nanoparticles
(MOx-NPs) have come into the focus of
biological studies® ® because they are al-
ready being used for numerous commercial
applications,”~"* owing to their extremely
high surface areas and various morpholo-
gies possessing numerous reactive surface
sites.

Upon contact with biological matrices,
most nanoparticles are coated by pro-
teins.'”® A better understanding of such
interactions at the “nano-bio” interface re-
quires knowledge of absolute and relative
adsorption propensities of amino acids,
peptides, and proteins with MOx-NPs. Not
surprisingly, several approaches have been
undertaken, both experimentally and theo-
retically, to investigate adsorption of mol-
ecules on the surface of metal oxides'® ¢
as well as to understand the effect of metal
oxides on the fluorescence of proteins.?” ~2°
The complex structure and multiple binding
motifs of proteins and the influence of the
physical and chemical properties of the
nanoparticles, including size, shape, surface
charge (zeta-potential), solubility, and re-
active surface groups, can lead to large
variations in interactions in different environ-
ments (terrestrial, aquatic, etc.)3®*' Methods
that allow a rapid and convenient testing of
such interactions remain therefore in high
demand.

In this study, we used optical spectro-
scopy to monitor the interactions of short
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The method employs fluorescence quench-

ABSTRACT The adsorption of polypeptides
containing an N-terminal tryptophan (Trp) residue
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chromophore upon titration with metal oxide nanoparticles (MOx-NPs: Cu0, Co30,, Ti0,, MgO,

attached to a hexa-backbone of alanine, serine,

lysine, histidine, and aspartate was investigated

by monitoring the fluorescence response of the Trp

and Ce0,). After correction for light-scattering effects, a strong static fluorescence quenching was
ohserved upon addition of Cu0 and Co;0, to the peptides. The interaction of MOx-NPs with the
peptides was assigned to an adsorption of the peptide backbone on the nanoparticle surface. The
method was refined using a derivatized amino acid, 5-fluoro-Trp (5F-Trp), which resulted in a
stronger fluorescence response. The use of the fluorescent amino acid labels allowed the direct
assessment of the adsorption propensities of Trp-containing peptides in dependence on the
backbone, which was verified by zeta-potential measurements. Moreover, upon addition of
different analytes to nanoparticles with preadsorbed Trp-containing polypeptides, adsorption
propensities of the analytes were assessed by an indicator displacement strategy; that is, addition
of increasing amounts of analyte resulted in a continuous fluorescence enhancement/recovery.
This method afforded adsorption propensities for several analytes. The relative binding constants
for the MOx-NPs, obtained from the competitive titrations, varied by more than 6 orders of
magnitude for CuO (5F-TrpHisg-NH, > TrpAspg-NH,, TrpSerg-NH, > TrpLyss-NH,, Trp, 5F-Trp >
TrpAlag-NH,) but only 4 for Co30, (TrpHiss-NH,, TrpAsps-NH, > Trplyse-NH,, TrpAlag-NH,,
TrpSerg-NH,, Trp, 5F-Trp). The study reveals that MOx-NPs adsorb biomolecular analytes with
high selectivity, which has immediate implications for their applications in protein purification,

drug delivery, and, potentially, for the assessment of their toxicology.
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polypeptides with MOx-NPs (Scheme 1).
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to monitor adsorption as well as desorption
of Trp-labeled peptides to and from MOx-
NPs. For this purpose, we have transferred
the conveniently accessible indicator dis-
placement method,** 3> which is popular
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Scheme 1. (a) General chemical structure of the model polypeptide with N-terminal Trp and amidated C-terminus. The
residues R represent the amino acid side chains (for chemical structures, see Table 2). (b) Fluorescence response of Trp-
containing polypeptides upon adsorption to metal oxide nanoparticles, with electron transfer being the proposed quenching

mechanism.
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Figure 1. UV—vis spectra of selected metal oxide nanopar-
ticles (0.01 mg mL™"), in water at pH 7.

to the field of nanoparticles. This method enables a
comprehensive screening of MOx-NP interactions with
optically transparent analytes, including amino acids
and peptides. This is important, among others, to
evaluate their biological effects as well as their poten-
tial in biocatalysis.

RESULTS

Characterization of Nanoparticles. Photophysical char-
acterizations of the investigated metal oxide nano-
particles CuO, Co30,4 CeO, MgO, and TiO, were
performed using UV—vis spectrophotometry and fluo-
rescence spectroscopy. The investigated nanoparticles
showed strong and continuous absorption spectra
(Figure 1) but did not show any luminescence upon
excitation at 280 nm, a prerequisite for the employed
method involving Trp as a fluorescent label.

The data obtained from the surface characterization
are shown in Table 1. The synthetic technique, flame
spray pyrolysis (FSP), for synthesis of ultrafine particles
is described elsewhere3%*” The selected MOX-NPs have
average particle diameters in the range of 5—13 nm
and surface areas between 87 and 164 m? g~ '. Addi-
tionally, transmission electron microscopic (TEM)
images of the MOx-NPs (Figure 2) confirm that the
particle size of CuO, Co304, and TiO; is in the range of
10—15 nm, whereas that of CeO, is in the range of
5—10 nm.
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TABLE 1. Specific Surface Areas, Average Particle Sizes
(Dry and in Solution), and Zeta-Potential Values of the
Nanoparticles

MOx-NPs SSA (m” g~ )* dger (nm)° d, (nm)*“ Cons (MV)€
uo 87 11 820 2

0504 132 8 670 10

Ti0, 123 10 550 —17+£5
Mg0 122 13 530 & 310 14

Ce0, 164 5 280 i

“ Specific surface area (surface area/mass) of MOx-NPs prepared using flame spray
pyrolysis (FSP). ® Average diameter of spherical particles calculated using the
equation dggr = 6/(p x SSA) (p, theoretical density). < Average particle diameter,
calculated using the Stokes—Einstein equation, D = kyT/(3;ti7dy) (D, diffusion
coefficient; k, Boltzmann's constant; 7, viscosity). 9 Measurements for
0.01 mg mL™" of MOx-NPs in water at pH 7. ¢Average zeta-potential values
obtained from the electrophoretic mobility (U) by using the Smoluchowski
equation, ie., & = nUl(e,e,) (e, dielectric constant); the errors are calculated
as the standard deviation of the values from different measurements and are less
than 20% of the values, unless stated explicitly.

In aqueous solution (water at pH 7), the average
particle diameters ranged from 280 to 820 nm (Table 1,
determined by dynamic light scattering), revealing
sizable agglomeration. The agglomeration process in
small particles due to weak interactions (no sintering
bridges) is at equilibrium such that the actual surface
area for adsorption does not change; that is, the entire
surface is believed to be still available for the adsorp-
tion due to reversibility of the weakly bound agglom-
erates at a specific time.3® *? The measured zeta-
potential values (surface charge) of the nanoparticles
were positive for CuO, Cos0,, and MgO and negative
for TiO, and CeO,. Since zeta-potential values of
MOx-NPs depend strongly on the synthesis procedure
as well as on the precise experimental conditions,
including pH and solvent,**~* a comparison with
literature values®**~>' carries limited information
content.> In the course of our investigation, we found
that MOx-NPs, in particular CuO, can partially dissolve in
buffers (see Supporting Information) but not in neat water.
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Figure 2. Transmission electron microscopic images of the investigated CuO, Co30,, TiO,, and CeO, nanoparticles.

Consequently, all experiments on peptide adsorption
were performed in water.

Scattering Correction. The monitoring of adsorption
and desorption phenomena on metal nanoparticles of
the Au or Ag type by conventional optical spectrosco-
py is often difficult due to their strong absorption
properties originating, among others, from their sur-
face plasmon bands. Metal oxides do not absorb as
strongly in the visible and/or near-UV range, in some
cases not at all, which makes MOx-NPs, in principle,
amenable to optical spectroscopy in water. Cuvette-
based optical measurements of MOx-NPs require at-
tention due to the strong light-scattering characteris-
tics of the resulting dispersions. In our present study,
we have applied a scattering correction as detailed in
the Supporting Information. Specifically, to correct for
light-scattering effects on the absorption, we selected
benzoyl benzoic acid (BBA) as a competitive absorber,
which has an absorption maximum (A, = 266 nm)
close to the preferred excitation wavelength of Trp
(Amax = 280 nm) and which is nonfluorescent. It should
be noted here that, although this scattering correction
is straightforward to apply, previous studies on the
fluorescence quenching by MOx-NPs lack comparable
corrections,?” ~2° which renders the associated results
quantitatively less meaningful.

Effect of MOX-NPs on Tryptophan and Its Derivatives. First,
the interactions of different MOx-NPs with the free
amino acid Trp, its 5-fluoro derivative 5F-Trp, and its
acetylated, amidated, and ester derivatives, namely,
N-acetyl tryptophan, tryptophan amide, and tryptophan
methyl ester, were monitored. Expectedly, the addition
of MOx-NPs caused an apparent quenching of Trp
fluorescence. However, after correction for the fluores-
cence loss originating from scattering of the MOx-NP
solutions (eq S1 in Supporting Information), the fluores-
cence intensity of the tryptophan derivatives remained
constant, within an error range of £5%, up to relatively
high OD values of 0.4 (Figure 3). This suggests that the
fluorescence decrease was due to the light scattering
and not due to molecular interactions (adsorption,
fluorescence quenching).

In the case of Trp and 5F-Trp and only with CuO,
quenching was observed even after the scattering
correction (Figure 4). This can be attributed to the
chelating nature of the zwitterions toward Cu(ll) sites
that is not present in the Trp derivatives. The absence
of quenching of Trp by the other nanoparticles could
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Figure 3. Decrease in fluorescence intensity of tryptophan
amide at 356 nm (/,,, red) upon addition of CuO. The blue
line shows the loss in fluorescence intensity upon addition
of benzoyl benzoic acid (BBA) as a competitive absorber
(l.ps, blue, fitted by a linear function). The black line shows
the fluorescence intensity corrected for light scatter-
ing (lcor black) according to eq S1 of the Supporting
Information.>
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Figure 4. Changes in fluorescence spectra (1o, = 280 nm) of
tryptophan (5 xM) upon addition of CuO. The inset shows
the fitting (by using a 1:1 binding model; see text) for the
corrected fluorescence intensity at 356 nm plotted against
the apparent concentration of MOx-NPs, converted to «M.

be due to the lower affinity of these metal centers as
compared to copper.>** For our investigation of pep-
tides with N-terminal Trp and amidated C-terminus,
the interaction of tryptophan amide was important.
The fact that tryptophan amide did not show any
fluorescence loss upon addition of the MOx-NPs pro-
vided strong circumstantial evidence that the indole
chromophore itself does not show any significant
adsorption on the investigated MOx-NPs, but that the
adsorption is driven by other amino acid side chains
and/or the extended peptide backbone.

Interactions of Nanoparticles with Peptides. We selected
peptides composed of a Trp residue at the N-terminal
end followed by six identical amino acid residues. Such
peptides are sufficiently short to ensure robust solid-
phase synthesis and to maintain sufficient solubility
also for relatively hydrophobic residues such as alanine,
while being sufficiently long to expose the character of
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Figure 5. Changes in fluorescence spectra (1o, = 280 nm) of (a) 5F-TrpHisg-NH, (5 «M) and (b) TrpAsps-NH, (5 «M) upon
addition of CuO, as well as of (c) 5F-TrpHiss-NH, (5 «M) and (d) TrpAsps-NH, (5 M) upon addition of Co30,; all in water at pH 7.
The insets show the fitting (by using a 1:1 binding model; see text) for the corrected fluorescence intensity at 356 nm plotted
against the apparent concentration of MOx-NPs, converted to uM.

the peptide backbone and differentiate them from
simple amino acids.*® The C-terminus was amidated
to reduce C-terminal charge effects. The interactions
of nanoparticles with alanine (TrpAlag-NH,), serine
(TrpSerg-NH,), lysine (TrpLyss-NHy), histidine (TrpHisg-
NH,), and aspartate (TrpAsps-NH,) containing hexa-
peptides were investigated by monitoring the changes
in their fluorescence spectra upon addition of the MOx-
NPs. The fluorescence intensities of the peptides upon
addition of nanoparticles, after correction for light
scattering, remained constant in the presence of most
MOx-NPs and for most investigated peptides. Only
upon addition of CuO and Cos0,, the fluorescence of
Trp was efficiently quenched (Figure 5). In the case of
CuO, quenching was seen with all of the peptides;
however, the extent of quenching depended on the
type of peptide. On the other hand, in the case of
Cos0,, significant quenching was only observed with
histidine and aspartate peptides. No quenching was
observed in the case of other metal oxides (see Figure
S2 in the Supporting Information) and this revealed
immediately a high selectivity for the interaction be-
tween the peptides and the CuO and Co3z0, MOx-NPs.
In our earlier work, these two metal oxides have been
found to be relatively toxic to living cells because of
the extensive charge transfer from the cellular medium
to the semiconductor, possibly due to similar surface
adsorption.®’

The quenching of the peptides, in the presence of
CuO and Co304, can be assigned to adsorption of the
peptides on the surface of the nanoparticles. In parti-
cular, the possibility of dynamic fluorescence quench-
ing of the peptides by the nanoparticles can be ex-
cluded based on three independent lines of evidence.

JOSHI ET AL.
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Figure 6. Fluorescence lifetime decay traces (1o, = 280 nm,
Aem = 350 nm) of 5F-TrpHise-NH; (5 M) in the absence and
in the presence of CuO (0.01 mg mL™") in water at pH 7
(counts were normalized).

First, the monomeric model compound, tryptophan
amide, as well as several other Trp-containing pep-
tides showed no comparable fluorescence quenching,
although the possibility of dynamic quenching by the
nanoparticles would be identical. Second, the fluores-
cence lifetimes of the peptides remained unchanged in
the presence of the nanoparticles (Figure 6), which
along with the dramatic changes in the fluorescence
intensities (also gauged from a decreased photon
count in the time-resolved measurements) provided
compelling evidence for a static quenching, as it would
occur, in particular, when the chromophore is ad-
sorbed on the surface of the nanoparticles. Third, while
the corrected fluorescence intensity was reduced, it
did not vanish but reached a plateau region at higher
nanoparticle concentrations, particularly for Trp/CuO
case (see Figure 4). This demonstrates that a new
state is formed (the peptide—nanoparticle aggregate),
which displays a reduced, but nonvanishing fluores-
cence intensity; for dynamic quenching, increasing
concentrations would always increase the amount of
quenching.
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TABLE 2. Apparent Binding Constants of Different Polypeptides and Low Molecular Weight Biological Analytes with CuO

and Co30,4 Nanoparticles

KMy
Analyte” Residue’ CuO Co304
5F—TrpHiss—NH, (Nf;’ >5x 10" (1.9+0.6)x10°
SF-TrpHise—NH, (pH 1) ~ HN <10?
TrpAsps-NH, —CH,-COOH (1.5+1.2)x107 2.3x10°
TrpAlag-NH, —CHj3 1.9x10° <10?
TrpSers—NH, —CH,-OH (1.5+0.6)x107 <10?
TrpLyse—NH, —(CHz)ﬁNHZ (1.3+0.4)x10° <10?
N
Trp (as amino acid) Ql/z (3.3£0.8)x10° <10?
Oxalate HO,C-COH 7.2x10%
N
His (as amino acid) IS/N]/\; 5.8x10%

“1n water at pH 7 unless stated differently. ® Residues (R), see Scheme 1. Relative apparent binding constants, calculated according to a 1:1 binding model, assuming the same

number of binding sites for each analyte> ~3°

and by assuming a relative concentration of the nanoparticles in M, i.e., by assuming molecular weights of Cu0 (79.5 g mol ")

and 030, (240.8 g mol™"); error £20%, unless explicitly stated. “In 0.1 M hydrochloric acid, pH 1. ¢Binding constants determined by competitive fluorescence

titrations. 333>

Because the recorded changes in corrected fluores-
cence intensities with respect to nanoparticle concen-
trations do not represent simple Stern—Volmer-type
quenching plots, but rather titration plots for a chemi-
cal equilibrium (that of adsorption), they can be used to
extract relative binding constants of CuO and Co30,4
with different peptides, respectively. Although binding
stoichiometries are unknown, the data could be fitted
with a standard 1:1 binding model by converting the
amount of nanoparticles into an apparent “concentra-
tion” of metal oxide (Table 2) and correcting the
concentration with an arbitrarily fixed factor of 0.03
to convert from concentration to apparent number of
accessible binding sites. The resulting relative binding
constants (Table 2, in M™") are consequently also
apparent ones, which allow only a semiquantitative
comparison.

On one hand, it can be stated that adsorption of
TrpHisg-NH, is more than 3 orders of magnitude
stronger than that of TrpAsps-NH, and TrpSers-NH,,
but it is more than 4 orders stronger than that of
TrpLyse-NH, and the free amino acid Trp. TrpAlas-
NH, shows the weakest tendency for interaction, 5
orders of magnitude lower than that of TrpHisg-NH..
On the other hand, it can be seen that only 5F-TrpHiss-
NH, and TrpAspe-NH, adsorb on the surface of Co30,4
and the adsorption propensities, of the same order of
magnitude for both peptides, are several orders of
magnitude lower than those of CuO. From the above
results, it can also been seen that Cos0, is more
“selective” than CuO for adsorbing specific peptides.
Of course, this comparison assumes that different

JOSHI ET AL.

types of MOx-NPs have comparable surface area and
size, which is at best approximately fulfilled (Table 1).
The results clearly reveal the hitherto unknown binding
preferences of different amino acid residues to the
nanoparticle surface, a piece of information which is
essential to understand their mechanism of interac-
tions with proteins (which are critical for medical
applications).”'” Efficient interactions with proteins
may or may not be desirable for a particular use. In
this respect, our fluorescence-based method can po-
tentially provide a powerful tool, for example, to
monitor differential binding to differently doped or
otherwise functionalized MOx-NPs.

After identification of the most strongly binding
peptide motif (hexahistidine), we proceeded to opti-
mize the method. For this purpose, we exchanged
Trp by 5F-Trp during solid-phase peptide synthesis.
Indeed, fluorescence quenching for 5F-TrpHiss-NH,
upon addition of CuO and Cos0,4 was observed, and
the absolute amount exceeded that observed for
TrpHisg-NH,, resulting in a virtually quantitative fluo-
rescence quenching of the adsorbed peptides. This
enhanced fluorescence response is greatly advanta-
geous for more accurate monitoring of the adsorption
(and desorption, see below) process. Accordingly, the
5F-TrpHiss-NH, peptide was preferred in the subse-
quent measurements. The extracted binding con-
stants of the two peptides were comparable, which
revealed that it was the hexahistidine backbone, and
not the N-terminal Trp residue, which drives the ad-
sorption process (see below). The differential fluores-
cence response between Trp and 5F-Trp also provides
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Figure 7. Effect of pH on fluorescence quenching of 5F-
TrpHisg-NH, (5 #M) upon addition of CuO at pH 7 (bottom)
and pH 1 (top).

important mechanistic information on the quench-
ing process. In particular, the enhanced fluorescence
quenching suggests that the singlet-excited state of
Trp is deactivated by an electron transfer from the
nanoparticle (surface) to the chromophore; 5F-Trp is
more electron-deficient than Trp® and, accordingly,
undergoes photoinduced electron transfer more readily.

Furthermore, the effect of pH on the binding pro-
pensity of the 5F-TrpHisg-NH, peptide with CuO was
investigated. Interestingly, at lower pH (pH 1.0), insig-
nificant fluorescence quenching of the peptide was
observed upon addition of CuO (see Figure 7). This was
not due to the coating of the nanoparticle surface by
chloride ions which was established by the lack of
displacement of the peptide by (sodium) chloride (up
to 20 mM) in a control experiment (data not shown).
It rather suggests that the affinity of the hexahistidine
peptide to adsorb on the MOx-NPs is pH-dependent, as
would be expected from the fact that the charge of the
histidine residue (pK, = 6.04)>° can easily be tuned by
changing the pH of the solution.

Effect of Hexapeptides on Zeta-Potential Values. To corro-
borate the actual adsorption of the peptides on the
nanoparticle surfaces, we have also measured the zeta-
potential values of different MOx-NPs in the absence
and presence of the hexapeptides (Table 3), which
afforded characteristic differences in zeta-potential
values. In general, the zeta-potential of most of the
MOXx-NPs remained constant, within error, except upon
addition of the charged peptides where an inversion of
the surface charge was observed upon addition of
the oppositely charged peptide. Changes were also
seen for peptides carrying the same surface charge,
although these were not as large as those observed for
the oppositely charged ones. The interactions between
similarly charged components have been reported
previously and are expected to be favorable due to a
combination of non-electrostatic interactions (hydro-
phobic, hydrogen bonding, van der Waals, and steric inter-
actions).°° The changes in the zeta-potential upon addition
of serine and alanine peptides can also be explained based
on the non-electrostatic argument. Furthermore, the
changes upon addition of similarly charged peptides
might also be due to counterion-enhanced multilayer

JOSHI ET AL.

TABLE 3. Zeta-Potential Values of MOx-NPs in the Absence
and Presence of Hexapeptides

¢ (mv)”
additive o 030, Tio, Mg0 Ce0,

none 2 10 17 14 —27
TrpAsps-NH, —32 -31 —-26  —16 -31
TrpLyss-NH, 23 15.6 23 16 23
5F-TrpHisg-NH, 4.2 5 9.1 20 09+03
TrpAlag-NH, 41+13 167 17 1B+4 -1
TrpSers-NH, 1.8 1.7 -2 76 —8+4

“ Error 2=20% unless stated explicitly, calculated as standard deviation of the values
from repeated measurements.

formation, thus exposing the peptide charge at the
surface.®’

Competitive Binding of Analytes Followed by Indicator Dis-
placement. Any fluorophore, which produces a fluores-
cence response upon undergoing a reversible binding
event, can in principle be exploited to monitor the
competitive binding of other (“invisible”) analytes. The
addition of these analytes leads to an inversion of the
original fluorescence response, which can be similarly
monitored and employed to extract the binding con-
stant, now of the analyte. This method is known as
“indicator displacement assay”, which is well-estab-
lished in the areas of biological chemistry, where it is
broadly used to measure, for example, antigen—anti-
body binding,®? as well as in supramolecular chemistry,
where it is frequently used to determine the complexa-
tion by synthetic receptors,>#53%* prominently macro-
cyclic host molecules.33%°% |n the case of the Trp-
containing peptides investigated herein, their binding
causes a fluorescence quenching such that the addi-
tion of analyte causes a fluorescence increase (“recovery”),
as illustrated in Scheme 2. As a limitation of the method,
the added analytes should not show strong absorption
bands at 280 nm, where Trp is being excited.

Since carboxylates have been invoked in forming
chelates with many metal ions,*® we selected oxalate
as the simplest dicarboxylate for the displacement
experiments. We selected TrpAspg-NH, as the “indica-
tor peptide”, whose binding is strong but not too tight
(Table 2). Indeed, upon addition of sodium oxalate to a
solution of the preformed TrpAspg-NH, - CuO peptide/
nanoparticle aggregate, a fluorescence enhancement
was observed (see Figure 8b). For the next set of
experiments, histidine was chosen based on its known
affinity toward transition metals.’®®° The addition of
the amino acid histidine to a solution of TrpAsps-
NH,-CuO led similarly to a fluorescence recovery
(Figure 8a). In both cases, the fluorescence intensity
approached a plateau region at high concentrations
of competitor. The extracted binding constants of
the “monomeric” analytes oxalate and histidine were,
however, 3 and 2 orders of magnitude lower than for
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Scheme 2. Fluorescence response of Trp-containing polypeptides adsorbed on MOx-NPs upon addition of a competitive

analyte (sodium oxalate in this case).
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Figure 8. Change in the fluorescence spectra of TrpAsps-NH, - CuO upon addition of (a) histidine and (b) sodium oxalate. The
fitting (using a competitive binding model) for the fluorescence intensity at 356 nm plotted against the concentration of
competitor is shown in the inset. Note that binding constants were determined by assuming relative concentrations of the
nanoparticles in «M. Fluorescence intensities of the peptide (red spectra), which decreased upon addition of nanoparticles
(blue spectra), were (partially) recovered upon addition of analyte up to a maximum analyte concentration of 0.91 mM for

histidine and 3.37 mM for oxalate (green spectra).®’

the hexaaspartate and hexahistidine peptides, respec-
tively (Table 2), which shows that the presence of
several side chains (negatively charged or histidine) is
greatly beneficial to affect strong adsorption. This hints
to a cooperative effect of several amino acid side
chains in the MOx-NP adsorption. The binding in the
case of amino acids is mainly driven by the chelating
nature of the o-amino and carboxylate functional
groups. Thus, a comprehensive screening with all dif-
ferent amino acids was not performed since the bind-
ing constants would be expected to be of the same
order of magnitude as that of tryptophan.

DISCUSSION

Emerging nanotechnology applications in the fields
of medicine and biology entail the use of nanoparticles
for probing biological processes and structures as well
as for constructing sophisticated nanoscale drug de-
livery systems.”>”" Metal oxide nanoparticles (MOx-
NPs), for example, are already in use for an entire
range of applications in food industry, cosmetics (e.g.,
sunscreens), drug delivery, and biomedicine (e.g., con-
trastagents for MRI).>~'*7°~73 Thus, adsorption studies
of peptides may not only provide fundamental
information about elementary biomolecule—surface
interactions but also enable identification of specific
chemical groups participating in such adsorption pro-
cesses. Furthermore, biomolecule nanoparticle inter-
actions will inevitably determine their fate within cells
and tissues in vivo, such that the precise mode of their
interaction is important for understanding their biolo-
gical responses, such as their toxicology.

JOSHI ET AL.

Herein, we introduce the use of fluorescently labeled
peptides to study adsorption of short polypeptides on
surfaces of MOx-NPs. The selection of our model pep-
tides was based on the nature of side chains of amino
acids: hexaalanine is hydrophobic, hexaserine is un-
charged polar, hexalysine is positively charged, and
hexaaspartate is negatively charged. Due to the pK,
value of histidine (pK, = 6.04), hexahistidine is ex-
pected to be highly positively charged at strongly
acidic pH, but neutral near physiological pH, where it
is also known to act as a nitrogenous ligand for
transition metals. It should be noted here that
the detection of analyte—nanoparticle interactions by
fluorescence presents a highly sensitive technique;
in our present experiments, only 5 uM of peptide
(analyte) was generally required. Analytical techniques
which require millimolar concentrations of analytes,
such as FT-IR, are, in fact, unsuitable for the investiga-
tion of many biomolecules.®2%%?

Our results reveal that the adsorption of the pep-
tides on the surface of MOx-NPs depends on two main
factors: (1) type and charge status of the side chains of
the polypeptides and (2) type of MOx-NPs. Only CuO
and Cos0, were “active” in adsorbing and quenching
the selected peptides. The absence of fluorescence
quenching by TiO,, MgO, and CeO, could be due to
two reasons: either there is no adsorption or there is
adsorption, but no associated fluorescence response.
Since the two causes cannot be differentiated, adsorp-
tion of the peptidic analytes on these types of nano-
particles cannot be investigated by means of the present
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Scheme 3. Proposed molecular interactions for the adsorption of (a) histidine and (b) aspartate peptides on the surface of

MOXx-NPs.

technique. The photophysically active metal oxides
(CuO or Cos30,4) give rise to a semiconductor—Iliquid
interphase in solution. The adsorption of the proteins
on the surface of the NPs was therefore expected to
induce charge transfer across the interphase and to
cause band bending due to the formation of a space-
charge layer near the valence band of the semi-
conductor.>” This could be another reason why CuO
and Cos04 were active in the selective adsorption and
quenching of the peptides on the surface.

Protein chemosorption could be mediated by co-
ordinative bond formation between the metal center
and the electron donor group from the protein surface.
Transition-metal ions (electron pair acceptors) consid-
ered as Lewis acids and electronegative species
(electron donors) as Lewis bases present in the chelat-
ing ligand are involved in complex formation. The
affinity of a protein for a metal chelate depends
strongly on the metal ion involved in the coordination.
For the adsorption of proteins with an iminodiacetic
acid chelating group, the affinities of many proteins
toward metal centers are known to be in the following
order: Cu*" > Ni*™ > Zn*" = Co?">*° Similarly, for
the (neutral) histidine-containing peptides investigated
herein, a strong interaction was observed for CuO and
Co304 nanoparticles.

The possible motifs of polypeptide binding are
sketched in Scheme 3. The observed strong adsorption
of the 5F-TrpHiss-NH, peptide on CuO and Co30,
nanoparticles is likely due to the intrinsic affinity of
the nitrogen atoms in the (neutral) imidazole ring to
form metal—ligand bonds with transition metals. The
fact that the binding of 5F-TrpHisg-NH, with CuO is
greatly reduced in acidic solution (Figure 7) supports
the interpretation of this molecular interaction. The
affinity of histidine for transition metals is, in fact, well-
known for peptides, where “polyhistidine tags” with
5—6 histidines at one terminus are rationally exploited
for protein purification and binding assays by using
chromatographic separation techniques with transition-
metal (predominantly Ni or Co)-containing stationary
phases.”*”> The affinity of polyhistidine tags is known
to be micromolar,®® perfectly in line with the binding
constants obtained from our direct nanoparticle—
peptide titrations (Table 2). The interactions be-
tween 5F-TrpHisg-NH, and CuO as well as Cos0,4
present therefore an example of a polyhistidine—
nanoparticle interaction. The fact that the polypeptide

JOSHI ET AL.

TrpAsps-NH, can be displaced by addition of the
amino acid histidine (up to T mM, Figure 8a) is also
reminiscent—just at the nanoparticle level—of the
procedure in polyhistidine tag assays, where imidazo-
lium (0.8—80 mM) is added to liberate the protein.”® On
the basis of our present results, MOx-NPs could also be
employed for peptide and protein purification, for
example, by using magnetic nanoparticle variants’”’®
to allow mechanical separation from solutions.

The observed adsorption of the TrpAsps-NH, pep-
tide on nanoparticles, although several orders of mag-
nitude weaker, as well as the non-negligible adsorption
of oxalate, also weaker than that of histidine (Table 2),
shows that interactions between carboxylate groups
and MOx-NP surfaces cannot be neglected. This ad-
sorption to the nanoparticle surfaces can be attributed
either to electrostatic interactions (negatively charged
analyte bound to positively charged surface) and/or to
a coordinative bond formation between the carbox-
ylate group with the transition metals at the metal
surface. If only an electrostatic interaction was impor-
tant, one might also expect an adsorption onto the
positively surface-charged MgO (Table 1) for which our
fluorescence-based technique provided, however, no
indication. The obtained results for CuO and Co;0,4
therefore point to the formation of weak coordinative
bonds with carboxylate groups, similar to those ob-
served for the imidazolium ring.

The interaction with the other peptides (seen only in
the case of CuO) could be due to the higher binding
affinity of copper, as stated earlier. The higher binding
constants obtained for hexaaspartate and hexaserine
show that the adsorption is enhanced in the case of
polar peptides compared to the nonpolar peptides like
hexaalanine. On the other hand, the comparable bind-
ing constants obtained for hexalysine and the free
amino acid Trp point toward the involvement of the
nitrogen of the side chain in the adsorption. Different
MOx-NPs may, of course, have an affinity for different
functional groups and charges, or they may adsorb only
large proteins but not polypeptides, which will require
follow-up studies. Similarly, it needs to be emphasized
here that MOx-NPs (synthesized by techniques other than
the presently used flame spray pyrolysis) display different
surface reactivity, particle shape, size, and surface curva-
ture.”9%° This may also result in different adsorption
propensity and selectivity toward peptides and proteins,
which can now be investigated by our method, as well.

VOL.6 =

NO.6 = 5668-5679 = 2012

WWww.acsnano.org

5675



CONCLUSION

We have investigated the interaction of metal oxide
nanoparticles with selected hexapeptides by fluores-
cence spectroscopy. The adsorption of the peptides on
the nanoparticle surface depends mainly on the side
chains of the amino acids in the polypeptides; more
than 5 orders of magnitude variation in affinity in
dependence on the amino acid was observed, with
histidine being the most strongly adsorbing one. From
a methodological point of view, the fluorescence
quenching of the tryptophan residue offers a conve-
nient method to quantify the adsorption of trypto-
phan-containing peptides and, potentially, proteins.
While presently an intrinsic fluorescent probe was
chosen, tryptophan could be, in principle, substituted
by alternative chromophores, which could offer higher
sensitivity in terms of fluorescence quantum yield
(that of Trp is moderate, with 0.14 in water)®' or better

MATERIALS AND METHODS

Tryptophan, N-acetyl tryptophan, tryptophan methyl ester,
tryptophan amide, sodium oxalate, histidine, and 4-benzoyl
benzoic acid were purchased from Fluka Chemie or Sigma
Aldrich. The peptides were commercially synthesized in >95%
purity (Biosyntan, Berlin). Millipore water was used for most
experiments, and the pH was adjusted using HCl and NaOH
accordingly. The pH was measured (£0.1 units) with a pH meter
(WTW 330i) equipped with a WTW SenTix Mic glass electrode.
The concentrations of the peptide solutions were determined
from the absorption of the peptide solutions at 280 nm using a
molar extinction coefficient of 5500 M~ cm™"' for tryptophan
and 5700 M~ cm™" for 5-fluorotryptophan.?? For the titration
experiments, the peptide solutions were titrated with MOx-NP
solutions containing an identical concentration of peptide (to
prevent concentration changes in the course of the titration).
The pH of both solutions was adjusted to 7 & 0.1 before the
titration, where required, to exclude effects of pH variations. In
addition, the pH of the final solution (i.e., after titration) was
measured to ensure there was no pH change during the
titration.

The metallorganic precursors copper napthenate (1.58 g of
Cu?", 0.5 M by metal, Strem Chemical, 99.9% pure), cobalt
napthenate (1.47 g of Co®**, 05 M by metal in xylene, Strem
Chemical, 99.9% pure), titanium(lV) isopropoxide (1.02 g of
Ti**, 0.5 M by metal, Sigma Chemical, 99.9% pure), magne-
sium napthenate (0.6076 g of Mg”, Strem Chemical, 99.9%
pure), and cerium(lll) 2-ethylhexanoate (49% in 2-ethylhex-
anoic acid, 3.50 g of Ce?*, 0.5 M by metal) were used for the
preparation of CuO, Co30,4, TiO,, MgO, and CeO,, respec-
tively. All metallorganic precursors were dissolved in an
organic solvent (xylene, 99.95%, Strem). The solutions were
then delivered to the nozzle tip by a syringe pump at a flow
rate of 5 mL min~' by atomizing the precursor solution with
dispersant O, at a flow rate of 5 mL min~' and maintaining a
pressure drop of 1.5 bar at the nozzle tip. The spray was
ignited by a supporting CH, and O, premixed flame (1.5 and
3.2 L min™") forming a self-sustaining spray flame. The par-
ticles were formed by reaction, nucleation, surface growth,
coagulation, and coalescence in the spray flame environment
and collected by filters after the particle stream had been
diluted with cold gas.>®

The Brunauer—Emmett—Teller (BET) method for surface area
measurements was carried out at 77 K by using a Quanta-
chrome NOVA 4000e Autosorb gas sorption system to deter-
mine the specific surface areas of the samples. The powders
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quenching efficiency, as demonstrated herein by se-
lecting 5-fluorotryptophan. The reversibility of the
adsorption further allows the construction of fluores-
cent indicators, which can be first bound to the
nanoparticle surface and then displaced by analytes
of interest. This enables one to quantify the binding of
analytes, which cannot be monitored directly by op-
tical spectroscopy, as shown herein for oxalate and
histidine. Similar to the use of fluorescence-based
displacement assays in pharmacological screening,
the method can be miniaturized, is convenient, robust,
and up-scalable to high-throughput format, which
could be of interest, for example, to assess the binding
of different medicinally relevant peptides or of sub-
strates for catalytic applications. Furthermore, the
selectivity and reversibility of these adsorption pro-
cesses could be potentially exploited for protein puri-
fication.

were placed in a test cell and allowed to degas for 2 h at 200 °C
in flowing nitrogen, which removes water vapor and adsorbed
gases from the samples. Data were obtained by exposing or
removing a known quantity of adsorbing gas into or out of a
sample cell containing the solid adsorbent maintained at the
constant liquid nitrogen temperature. The average particle
diameters (dry) were calculated from the specific surface area.
Nanoparticle solutions were freshly prepared in the required
solution and were sonicated for 40 min to ensure efficient
dispersion of the nanoparticles. UV—vis measurements were
performed with a Varian Cary 4000 UV—vis spectrophotometer,
and the steady-state fluorescence spectra were recorded in
conventional quartz cuvettes (path length of 10 mm) with a
Varian Cary Eclipse instrument. Fluorescence lifetimes were
obtained by time-correlated single-photon counting (Edinburgh
Instruments FLS 920) by using a LDH-P-CA280 laser diode (Aey =
280 nmM, Aem = 350 nm, fwhm ca. 420 ps) for excitation. Size and
zeta-potential values of the nanoparticles were measured by
dynamic light scattering with a Zetasizer Nano Series instru-
ment (Malvern Instruments ZEN 3600), equipped with a 633 nm
laser. For the size measurements, the detector was placed at
173° (backscatter detection), whereas for the zeta-potential
measurements, the beam scattered at an angle of 17° was
detected. The size and zeta-potential measurements were
performed in water (refractive index = 1.330, viscosity =
0.8872) at 25 °C. For the size measurements, the material
parameters for refractive index and absorption were set to
1.330 and 0.01, respectively.
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