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ABSTRACT: Metalloprotein design and semiconductor nanoparticles have been combined to generate a
reagent for selective fluorescence imaging of Pb>" ions in the presence red blood cells. A biosensor system
based on semiconductor nanoparticles provides the photonic properties for small molecule measurement
in and around red blood cells. Metalloprotein design was used to generate a Pb?* ion selective receptor
from a protein that is structurally homologous to a protein used previously in this biosensing system.
Parameters for the Pb?>" ion binding site were derived from crystallographic structures of low molecular
weight Pb?* ion complexes that contain a stereoactive lone pair. When the designed protein was produced
and attached to ZnS-coated CdSe nanoparticles, two Pb(NO;),-associated binding events were observed
(2-fold emission decrease; Kx; = 1 x 10° M™!; K, = 3.5 x 10° M™!). The fluorescence response had
a 100 pM Pb(NO3), detection limit, while no response was observed with Ca>* ions (10 mM), Zn>" ions
(100 uM), or Cd*" ions (100 «M). Metal ion selectivity presumably comes from the coordination geometry
selected to favor lone pair formation on Pb** ions and electrostatically disfavor tetrahedral coordination.
Replacement of ZnS-coated CdSe with ZnS-coated InGaP nanoparticles provided similar biosensors (100
pM limit of detection; Kx; = 1 x 10° M !; Kxp = 1 x 107 M) but with excitation/emission wavelengths
longer than the major absorbance of red blood cell hemoglobin (>620 nm). The InGaP nanoparticle-
based biosensors provided a 5 nM Pb(NOs), detection limit in the presence of red blood cells. The
modularity of the biosensor system provides exchangeable Pb?* ion detection around red blood cells.

Over 2% of children in the United States from 1999 to
2001 (~400000) had Pb*" ion levels in blood (PbB levels)
above 10 ug/dL, or 0.5 uM (7). Individuals with these PbB
levels display slowed motor responses, decreased 1Qs, and
hypertension. Chelation therapy is used to treat lead intoxica-
tion; however, it is ineffective below moderate PbB levels
(40 ug/dL, 1.9 uM). A current rationale for this inefficacy
is that Pb*" ion exchange between bone, blood, and tissue
is slow (2). This rationale is supported by ICP-MS studies
that show while PbB levels are at 40 ug/dL, plasma Pb**
ion concentrations are at 13 nM (3). This finding highlights
the central role of red blood cells in sequestering and
delivering Pb?* ions from bone tissue through the blood
stream and to various tissues (e.g., brain). While liposome
models have been developed to study the equilibrium effects
of ionophores that catalyze Pb*t ion exchange (2), fluorescent
probes for spatial and time-dependent variations, termed
fluxes (4), of exchangeable Pb>" ion concentrations within
red blood cells need to be developed. Such an imaging
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application would not only distinguish between exchangeable
and total Pb?* ion concentrations but also determine cellular
structure(s) responsible for import and release of exchange-
able Pb>" ions for red blood cells. Toward this end, organic
fluorophores and green fluorescent protein chimeric proteins
have been developed to monitor small molecule fluxes in
plant and mammalian cells (5, 6). For molecular imaging of
red blood cells, current fluorophores for Pb** ion analysis
emit at wavelengths that are obscured by the heme b
absorbance of hemoglobin, and alternative fluorophores need
to be used.

Semiconductor nanoparticles (quantum dots) provide a
solution to fluorescence sensing in and around red blood
cells. Depending on the radius of and/or material comprising
the semiconductor nanoparticle, the excitation and emission
wavelengths can be tuned far into the near-infrared region
(7). The quantum yields, photostability, emission line width,
and emission wavelength tunability are far superior to red
fluorescent proteins and red-emitting organic fluorophores
(8). In addition, coating these nanoparticles with two to three
monolayers of ZnS improves the fluorescence properties and
creates a barrier between the nanoparticle and the biological
system (9). The synthesis and production of certain semi-
conductor nanoparticles have progressed to the point of
commercially available preparations. While much contro-
versy still surrounds the toxicity of ZnS-coated CdSe
(CdSe@ZnS) nanoparticles, ZnS-coated InGaP (InGaP@ZnS)
nanoparticles have minimal toxicity (/0). Other “green”
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Scheme 1: Biosensing Approach and Modularity”
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¢ Nanoparticle-based biosensors are comprised of three aspects: (A) analyte-mediated change in protein conformation (top, MBP; middle, Pb>*
ion binding site design parameters and predicted Pb?>* ion binding site; bottom, PBP+Pb?*; orange residues, surface Cys for maleimide attachment;
gray balls, carboxy terminus where MT domain is fused), (B) electron transfer reaction from a maleimide-functionalized metal complex (1, top) and
semiconductor nanoparticle (NP) controlled by the protein conformation (middle), where fast electron transfer quenches nanoparticle emission
(bottom), and (C) semiconductor nanoparticles used here (red line, red blood cell band-pass; arrows, excitation wavelength).

semiconductor nanoparticles have been developed where
Mn”" ions are doped into nontoxic ZnSe nanoparticles (11, 12)
but do not provide the spectral properties needed for
fluorescence detection in red blood cells. This report
demonstrates that commercially available InGaP@ZnS nano-
particles (/3) can provide small molecule biosensing around
red blood cells. It should be noted that recently the synthesis
of larger InP@ZnS nanoparticles has been reported that are
excited and emit at even longer emission wavelengths (/4).
More importantly, this provides an avenue into fluorescent
biosensors that utilize other semiconductor nanoparticles for
studying molecular fluxes in red blood cells and for deep
tissue imaging.

While there are Pb’" ion-dependent fluorophores (/5),
peptides (/6), and transcription factors (/7), these systems
are not readily adaptable for use with semiconductor nano-
particles. It should be noted that Pb?' ion analysis in
biological media can be performed using anodic striping
voltammetry or atomic absorption; however, these techniques
are not amenable to imaging applications. Imaging Pb*" ion
fluxes requires a reversible and unimolecular detection
scheme. RNA-modified gold nanoparticles (46, 47) could be
adapted to semiconductor nanoparticles; however, the ir-
reversible Pb*" ion-dependent cleavage reaction that facili-
tates detection makes this sensor nonadaptable for real-time
fluorescence imaging. Organic fluorophores (/5), peptides
(16), and transcription factors (/7) that show Pb**-dependent
changes in emission intensity currently emit at wavelengths
that would be obscured by the major absorbance of hemo-
globin. For highly absorbant/emissive chromophores (., >
100000 M~! cm™!; quantum yield >5%), we estimate
excitation and emission wavelengths longer than 620 nm
(Ehemoglobin < 5000 M™' cm™") (18) are necessary for detection
with red blood cells. This criterion even rules out red-emitting
versions of green fluorescent protein. Two systems are known
that provide analyte-dependent changes in semiconductor
nanoparticle emission in biological buffers. These systems

are based on analyte-mediated conformation change (20, 39)
and binding pocket solvation changes (19).

Here we use metalloprotein design tools to extend this
semiconductor nanoparticle-based biosensing strategy to
detecting exchangeable Pb*" ion concentrations in and around
red blood cells. Protein design techniques have been shown
(26) to adapt native ligand binding sites to selectively bind
an alternative, noncognate ligand of choice. For this study
we have surveyed the previously employed (20) maltose
binding protein (MBP)' and four structurally homologous
proteins for adaptation to Pb*' ion binding. Phosphate
binding protein (PBP) was selected for redesign. The
periplasmic binding protein superfamily has not only been
used for developing fluorescent biosensors (27) but has also
been used as scaffold proteins for protein design (49). The
Pb?* ion-binding protein (PBP-Pb*") was generated using
protein design tools in concert with known parameters from
metalloprotein design (26) and metal complex crystal-
lographic analysis (28, 29, 50). The designed protein was
then integrated into the MBP-based semiconductor nano-
particle biosensor system (Scheme 1). Use of commercially
available InGaP@ZnS nanoparticles provided a Pb*" ion
biosensor that functioned in the presence of red blood cells.
The Pb** ion biosensor provided by this process has detection
limits and spectral properties that will enable fluxomic
analysis of red blood cells to address lead poisoning.

MATERIALS AND METHODS

All chemicals, unless otherwise noted, were used without
additional purification. Rabbit red blood cells were collected

! Abbreviations: MBP, maltose binding protein; PBP, phosphate
binding protein; PBP+Pb*", G140H, F11H, A9C, D56C, T114G, S38G
PBP; 1 or complex 1, [Ru(5-maleimido-1,10-phenanthroline)(NH;),]-
(PFs); MHDA, 16-mecaptohexadecanoic acid; MOPS, 3-(N-morpholi-
no)propanesulfonic acid; MT, metallothionein; PBP-Pb*"-MT, PBP-
Pb** with metallothionein encoded on the carboxy terminus; CFP, cyan
fluorescent protein; YFP, yellow fluorescent protein; SALP, stere-
ochemically active lone pair.
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by Prof. Dana Spence’s laboratory, and additional manipula-
tions at Wayne State University were performed using
IACUC approved practices.

Protein and Biosensor Preparation. Proteins were pro-
duced by Escherichia coli overexpression from plasmid DNA
and purified to homogeneity using polyhistidine domain
affinity chromatography (/9). The polyhisitidine domain was
removed from proteins using an enterokinase digestion and
repurification (22). [Ru(L)(NH3)4](PFs), (1, L = 5-male-
imido-1,10-phenanthroline) was synthesized and attached to
the proteins using reported procedures (20, 39,). Hexadecy-
lamine-capped CdSe@ZnS (NN Laboratories, Fayetteville,
AK) and trioctylphosphine oxide capped InGaP@ZnS nano-
particles (Evident Technologies, Troy, NY) were exchanged
with 16-mercaptohexadecanoic acid to provide water-soluble
nanoparticles with minimal capping group exchange (23).
The proteins were adsorbed to MHDA-capped CdSe@ZnS
or InGaP@ZnS nanoparticles in 50 mM MOPS (pH 7.5)
through an engineered cysteine-rich, carboxy-terminal protein
domain (MT) after 1 h of reaction (20, 39). Peptides based
on the MT domain were produced as reported (24) and
exchanged with MHDA-capped, protein-attached CdSe @ZnS
or InGaP@ZnS nanoparticles for 1 h (room temperature)
followed by dialysis (20000 MW cutoff; Slide-A-Lyzer,
Pierce). The generated biosensor was used immediately after
dialysis.

Lead Receptor Design and Production. The Site Search
algorithm in Dezymer (57) was used to predict amino acid
side chain replacements that would provide the desired Pb**
ion coordination sphere in MBP or structurally homologous
protein. Five structurally characterized members of the
bacterial periplasmic binding protein family were used in
the search (Supporting Information). The geometric param-
eters for the Pb?" ion selective coordination sphere (Scheme
1, Supporting Information) were input to the Dezymer
program and analyzed by visually inspecting the predicted
structures using Prekin/Mage software (25). A PbHis,Cys,
coordination sphere with axial histidines was predicted from
the G140H, F11H, A9C, D56C set of mutations to PBP (36)
(Scheme 1A). The mutations T114G and S38G were added
(PBP-Pb”") to reduce steric clashes between these side chains
and either the Pb*" ion or coordinating side chains. The
coding DNA for PBP-Pb*" was ordered from Midland
Certified Reagent Co., Inc. (Midland, TX), PCR amplified,
and ligated into vector DNA that coded for the maltose
binding protein—metallothionein fusion (23), to generate
PBP-Pb?>*-MT. Restriction nuclease sites were used to direct
this exchange (5’, Sall; 3’, PstI). An additional double-
stranded piece of DNA was introduced to the Ps#I restriction
site to provide a stop codon before the metallothionein coding
sequence on a second plasmid (PBP-Pb*"). The plasmid
coding for the PBP-Pb?*-MT was mutated to code for Cys
atpositions 98 (K98C PBP-Pb**-MT), 158 (N158C PBP-Pb**-
MT), and 182 (A182C PBP-Pb**-MT) using QuikChange
mutagenesis and verified using dideoxy DNA sequencing
(University of Michigan School of Medicine).

Circular Dichrosim. Protein samples (5 uM, 1 cm cuvette)
were examined in a 20 mM phosphate buffer (pH 7.5) to
minimize absorbance from 190 to 230 nm. Circular dichroism
spectra were recorded (Applied Photophysics) or monitored
at 222 nm as temperature was varied (Peltier controller).
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Absorbance Spectrophotometry. Standard quartz 1 mL, 1
cm path length cuvettes (NSG Precision cells) were used
with or without a screw cap and Teflon septum to maintain
an anaerobic environment. Anaerobicity, when necessary,
was maintained by sample preparation inside an anaerobic
bag (Coy Laboratory Products, Grass Lake, MI) or by
degassing while connected to an argon manifold with gastight
syringes for sample transfer. Samples were examined with
a Hitachi U-2000 spectrophotometer (1 nm slit width).

Fluorescence Spectophotometry. Fluorescence measure-
ments were performed with a Spex Fluorolog-3 fluorometer
was used with a 1 s integration time and 3 nm slit widths
for buffer experiments and 20 nm slit widths for red blood
cell experiments. A 1 mL solution (buffer-based measure-
ments, quartz cuvette) or 1.8 mL solution (red blood cell
experiments, 3 mL plastic cuvette) of each biosensor was
examined at 25 °C (~1—2 min equilibration time) under
constant stirring (Cuv-o-Stir; Hellma). The red blood cell
solutions were prepared from a concentrated stock of red
blood cells (50—70% hematocrit) through dilution to a 1%
hematocrit in 50 mM MOPS, pH 7.5.

Pb** Ion Titration and Fitting of Binding Isotherms.
Dissociation constants for Pb*" ion binding to PBP-Pb**-
MT protein were determined by fluorometric titration studies
in 50 mM MOPS, pH 7.5. Six different Pb?* ion solutions
were prepared with different concentrations with a total
volume of 1 mL. The Pb** ion stock solution was purchased
as an atomic absorption standard (Sigma-Aldrich, St. Louis,
MO). The six stock solutions were prepared by diluting this
1000 ppm stock solution to various concentrations (1 mM,
100 uM, 10 uM, 1 uM, and 0.1 uM). The resulting solutions
were filtered, and the concentration was confirmed by atomic
absorbance spectroscopy. The measured concentrations were
within 10% of the perceived concentration. Emission or
absorbance spectra were collected for the PBP+Pb?* samples
without the Pb>" ions until a stable spectrum was obtained.
To this was added a certain volume, typically 1 uL, of the
lowest concentration (0.1 #M) of Pb*" ions, the sample was
mixed, and the spectrum was collected. The association
constants were calculated by creating a scatter plot (IgorPro;
WaveMetrics, Portland, OR) of the fractional saturation
versus the Pb?t ion concentration. Fractional saturation (F)
was calculated using the difference between the initial and
saturated biosensor fluorescence response. A dual binding
event isotherm was used for the association constant deter-
mination and fit in IgorPro:

F = (A,[Pb(NO),)/(1/K,)[Pb(NO5),]) +
((1 = ADIPBINO;), DA(1/K y5) + [PB(NO5),]) (1)

where A, is the amplitude of the high-affinity phase, K4 is
the association constant of the high-affinity phase, (1 — A;)
is the amplitude of the weaker affinity phase (A,), and Ka»
is the association constant for the weaker affinity phase.
Fluorescence Microscopy. An Olympus IX-71 inverted
fluorescence microscope (60x objective; Q-Imaging Rolera
XR CCD) was used to examine red blood cell samples (1%
hematocrit, as above). Bright field images were observed with
the standard light source while fluorescence images were
detected with the Xe arc light source and a CyS5 filter cube
(Chroma Technologies, 41009) using a 10 s acquisition time.
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RESULTS AND DISCUSSION

Protein Design. Metalloprotein design has emerged as a
powerful tool to understand biomolecular control of coor-
dination chemistry (26) and generate biotechnologically
related reagents (27). Stereochemically active lone pair
(SALP) formation is unique to reduced oxidation states of
heavier p-block ions (28), such as Pb’' ions. Here, a
coordination sphere was selected to favor SALP formation
in a coordinated Pb*" ion but exclude other coordinatively
saturated geometries (trigonal planar, tetrahedral, trigonal
bipyramidal, octahedral, etc.) Such a coordination sphere
should confer Pb>" ion selectivity relative to Ca>", Zn*>*, and
Cd*" ions (29). Structural discrimination similar to this has
been observed with pendent-tetraazacyclononane ligands
(30), where a Pb*" complex showed an asymmetric coordi-
nation while the Hg?>" complex was spherically coordinated.
Recently, a Pb?>" ion-dependent transcription factor seems
to bind Pb** ions and form a SALP (31), which could provide
metal ion specificity. One report has summarized crystal-
lographic database entries for low molecular weight lead
complexes and found coordination modes with a high
percentage of hemidirected (SALP-containing) coordination
geometries (50). We have defined geometric constraints from
Pb* ion coordination complexes as input parameters (Sup-
porting Information) for protein redesign. Four-coordinate
geometries were selected over previously examined three-
coordinate geometries (32) to increase the enthalpic energy
driving domain—domain closure and Pb?* ion binding. An
additional rationale against designing a three-coordinate site
comes from the recent structure of CmtR (63), which
coordinates Cd** and Pb?" ions (33) and shows a Cd*" ion
coordinated in a trigonal Cys; fashion. It should be noted
that the trigonal Pb>" ion coordination site can be designed
in three helical bundles (32); however, the ionic size
selectivity conferred by such a strategy is not readily
adaptable to more flexible proteins, especially binding sites
at domain—domain interfaces.

The Dezymer algorithm (57) was used to predict mutations
that provide a Pb?>' ion binding site in five periplasmic
binding proteins. The periplasmic binding protein superfam-
ily is bidomain proteins that undergo a ligand-dependent
hinge-bending motion that has been linked to changes in
organic fluorophore emission, YFP/CFP energy transfer,
electrochemical detection, and semiconductor nanoparticle
emission (27). For the Dezymer predictions, the geometric
parameters for the primary coordination sphere were specified
with relatively tight parameters and moderate conformational
sampling of liganding side chains. Parameters for a four-
coordinate, hemidirected Pb*" ion coordination sphere with
slightly shorter equatorial than axial bond lengths (Scheme
1A, middle) were supplied to Dezymer. Two configurations
were examined (axial bis-Cys and axial bis-His) in maltose-
bound maltose binding protein (34) and the ligand-bound
structures of four structurally related proteins (Supporting
Information). All of these proteins provide the first step in
bacterial chemosensing for the cognate ligands (35) and could
replace maltose binding protein in CdSe@ZnS nanoprticle-
based maltose biosensors (20, 39). Predicted mutation sets
(sites) from each protein were evaluated visually for the
following properties: protein destabilization, Pb** ion-
mediated domain—domain closure, and SALP electrostatic
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FIGURE 1: Optical absorbance of Pb*"-bound PBP+Pb*" (5 um).
(A) Spectrum of 1:1 Pb*"/PBP-Pb**. (B) Pb*" titration data for
PBP-Pb”" in the absence (filled circles) and presence (open circles)
of 10 mM CaSO,.

stabilization. A site in phosphate binding protein (36) was
selected for construction with two additional mutations to
remove Pb”>" ion steric clashes (G140H, F11H, A9C, D56C,
T114G, S38G phosphate binding protein, PBP+Pb*t; Scheme
1A, middle), which contained Arg 135 with N,; and N,
around 5 A from the Pb>* ion. While Pb2* ion SALP—Arg
135 electrostatic interaction is not expected to provide
affinity, this interaction could provide selectivity over other
metal ions. For example, removal of a pendent negative
charge in trispicolinate ligands compared to bispicolinate
ligands increased the Pb?* ion selectivity over Ca>* ions by
1000-fold (37). DNA encoding PBP+Pb*" was inserted into
two E. coli expression plasmids, which provided either
PBP-Pb?*, for electronic absorbance, or PBP+Pb*t-MT, for
attachment to semiconductor nanoparticles. Both of these
proteins were purified by the amino-terminal (His-Gln)g
fusion peptide that was proteolyzed and removed by im-
mobilized metal affinity chromatography.

The function of the designed PBP-Pb?* protein was
validated using absorbance techniques. Circular dichroism
demonstrated that the relative o-helical content was not
altered from phosphate binding protein at room temperature.
Thermal denaturation studies (monitored at 222 nm) showed
a decrease in thermal stability (82 to 52 °C) upon the addition
of six amino acid side chain substitutions. Addition of
Pb(NO3), to PBP+Pb’" in bis(2-hydroxyethyl)iminotris(hy-
droxylmethyl)methane (bis-tris, pH 7.5) formed an absor-
bance band at 300 nm (Figure 1). The extinction coefficient
of this band (e300 = 5000 M~! ¢cm™'), with 1 equiv of
Pb(NO3),, was consistent with a bisthiolate ligated Pb*>* ion
(29). The absorbance at 300 nm formed in the absence and
presence of atmospheric O,. The absorbance was observed
in the presence of 10 mM CaSQ,, as well, with a cooperative
binding isotherm. The cooperative response (positive coop-
erativity) suggests that 10 mM Ca®* ions competitively
perturb Pb?* ion binding above 5 uM by this absorbance
assay. Using the more sensitive CdSe@ZnS nanoparticle-
based biosensor (next section) this Ca?" ion perturbation
affects a submicromolar affinity phase but not a subnano-
molar affinity phase. Thus, the observed absorbance-based
cooperativity comes from the Pb*" ion-bound products of
these phases having similar optical signatures. Overall,
PBP-Pb”>" was found to bind Pb?>" ions in the presence and
absence of Ca" ions.

CdSe@ZnS Nanoparticle-Based Biosensors. Estimation of
Pb?* ion affinity and lower limit of detection for PBP+Pb**
was performed using a semiconductor nanoparticle-based
biosensor system. For this experiment, three different PBP+
Pb?*-MT constructs were generated with a single surface
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Table 1: Pb>" Ion Response of CdSe@ZnS Nanoparticle-Based Biosensors

—CaCl, +10 mM CaCl,
complex 1 % quench % quench Kp, A Kp, A % quench Kpy A Kp) A
attachment site” (£1)” (£Pb>H)° (nM) (%) (nM) (%) R (£Pb>H)° (nM) (%) (nM) (%) R
K98C 15 59 1 45 200 55 0.989 47 1 45 100 55 0.992
N158C 13 78 1 20 200 80 0.995 45 1 50 100 50 0.986
A182C 18 21 1 30 800 70 0.974 54 1 50 100 50 0.996

“ Surface cysteine mutant of PBP+Pb**-MT, where complex 1 was attached, used for experiments; n = 3 for all determinations. ” Calculated as the
emission intensity of 1-modified PBP:Pb’*-MT attached CdSe@ZnS nanoparticles divided by unmodified PBP:Pb?>*-MT attached CdSe@ZnS
nanoparticles. ¢ Calculated as the emission intensity of 1-modified PBP+Pb?>*-MT attached CdSe@ZnS nanoparticles with 50 uM Pb(NO;), divided by
emission intensity with no Pb(NOs),. ¢ Amplitude of each phase, where A; + A, = 1.

Cys mutation (K98C, N158C, and A182C). The surface Cys
mutation allowed complex 1 (Scheme 1B, top) to be attached,
while the MT domain allowed MHDA-capped CdSe@ZnS
nanoparticle attachment (20). Each of these three proteins
were separately expressed, purified, and modified with
complex 1, termed 1-modified xxC PBP-Pb?*-MT, where
xxC denotes the surface Cys mutation. The MHDA-capping
groups did not maintain nanoparticle solubility in the
presence of 10 uM Pb(NO;), or 2 mM CaSO,, so the
PBP-Pb*"-MT-attached MHDA-capped CdSe@ZnS nano-
particles were exchanged with MT peptides to replace the
MHDA capping groups. Control experiments with MHDA-
capped CdSe@ZnS nanoparticles verified previous reports
of Pb?" ion-induced precipitation of CdSe nanoparticles (38).
The production of MT peptides and exchange with MHDA-
capped CdSe@ZnS nanoparticles have been reported (24).
While MT peptide capping groups provided a solution to
Pb(NOs),-mediated precipitation, additional capping groups
are being explored to maintain biosensor solubility. The final
construct examined in this report is a 1-modified PBP-Pb**-
MT adsorbed to MT-capped CdSe@ZnS nanoparticles. The
quantum yield of these constructs varied between 15% and
20%. For brevity, this construct will be referred to as the
CdSe@ZnS nanoparticle-based biosensor denoting the muta-
tion (K98C, N158C, and A182C) with complex 1 attached
(1-modified) or whether complex 1 was not attached using
PBP-Pb>"-MT (unmodified).

A 100 pM Pb(NOs), lower limit of detection was observed
with the CdSe@ZnS nanoparticle-based biosensors. The
nitrate salt of Pb*" ions was specifically used, due to the
weak counterion association of this salt and to provide a
calibration curve for the response to exchangeable Pb*" ions
in solution. Addition of 50 uM Pb(NOs3), to the CdSe@ZnS
nanoparticle-based biosensors (5 nM) resulted in a 0.5—2.0-
fold decrease (Table 1) in emission intensity at 545 nm
(N158C, Figure 2A), where less than a 1.05-fold decrease
was observed with unmodified CdSe@ZnS nanoparticle-
based biosensors. Titrations of Pb(NO3), to the CdSe@ZnS
nanoparticle-based biosensors (Figure 2) were best fit to a
binding isotherm with two independent binding events. For
example, the N158C CdSe@ZnS nanoparticle-based bio-
sensor showed a high-affinity binding event with an associa-
tion constant of 1 x 10° M~! and a weaker binding event
that was dependent on Ca*" ions (no Ca* ions, 3.6 x 10°
ML, 80% of amplitude change; 10 mM CaSO,, 1 x 107
M™!, 50% of amplitude change). No major change in
quenching efficiency and Pb?t ion-mediated emission re-
sponses was observed, with only a slight variation in the
sample-to-sample response (error bars, Figure 2B—D). The
complex 1 position-independent fluorescence response is

l+ Pb(NO,),

counts/sec (108)
fraction saturation

500 520 540 560 580 600 -12-11-10 9 -8 -7 6 -5
emission wavelength (nm) log [Pb(NOa)z] (M)

C

fraction saturation

T T T T T
121110 -9 8 -7 6 5 -12-11-10-9 8 -7 -6 -5

log [Pb(NO,), ] (M) log [Pb(NO,), ] (M)

FIGURE 2: Pb(NOs),-mediated fluorescence intensity changes with
1-modified CdSe@ZnS nanoparticle-based biosensors (5 nM; A and
B, N158C; C, K98C; D, A182C). (A) Spectra (0 nM, 0.5 nM, 1
nM, 10 nM, 100 nM, 1 uM, 5 uM). (B—D) Binding isotherm from
emission intensities fit to two binding events (Table 1) for non-
Ca*" samples (filled circles, solid line) and Ca*" samples (open
circles, dashed line).

similar to the MBP analogue of these CdSe@ZnS nanopar-
ticle-based biosensors (20, 39). The modular response with
respect to attachment position further highlights that exten-
sive Cys scanning mutagenesis is not necessary, as opposed
to organic fluorophore modified proteins (40), for this class
of biosensors (19, 20, 39). The uniformity of this response,
with respect to complex 1 attachment position, is currently
under investigation in our laboratory. However, the uniform
response also led to each of the CdSe@ZnS nanoparticle-
based biosensors with a lower Pb(NOs), detection limit of
100 pM (with or without 10 mM CaSOy,), except for K98C
without Ca*" ions which was 500 pM.

The weaker affinity Pb?>" ion-binding phase of the
CdSe@ZnS nanoparticle-based biosensors had variable
amplitudes in the absence of CaSO, but similar amplitudes
in 10 mM CaSOy (Table 1). This result suggests that the
CaSO4-mediated cooperative Pb?* ion absorbance response
(Figure 1) is related to the weaker affinity binding phase
rather than the high-affinity binding phase. On the basis of
the absorbance and CdSe@ZnS nanoparticle-based emission
responses, we assume the designed binding site of PBP+Pb*"
is successively binding two Pb>" ions. In this model, the
high-affinity phase forms a mononuclear Pb*" site and the
weaker affinity phase forms a binuclear Pb*" site. Transitions
from monomeric to dimeric Pb*" ion complexes are known
to occur in the solid state (47), and a similar coordination
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FIGURE 3: Selectivity of N158C biosensor system with CdSe @ZnS
nanoparticles. The % quenching in emission intensity is reported
after the addition of metal salts (Pb>", 500 pM Pb(NO;),; Cd**,
100 uM CdCl,; Zn>*, 100uM ZnCly; Ni**, 100 uM NiCl,; Ca*,
10 mM CaSOg4; Mg*", 10 mM MgSO,). Hg*" and Cu®* salts are
not reported in this figure due to these ions quenching emission
from MT-capped CdSe@ZnS without 1-modified PBP+Pb**-MT
attached to it. See text for additional details.

sphere expansion was observed in a designed dinuclear Cu
binding site in MBP (42). Such a dinuclear Pb*" site was
not designed but could further perturb the PBP-Pb**
conformation (increased CdSe@ZnS nanoparticle quenching)
and allow Ca* ions to perturb formation of this complex.
Structural characterization is underway to better understand
this weak-affinity binding phase in order to enhance the
selectivity of the phase or eliminate it. For this weak-affinity
phase (with and without 10 mM CaSOQy,), the upper limit of
Pb(NO;), detection is 1 uM with 5 nM CdSe @ZnS-based
biosensors that provide a dynamic range from 100 pM to 1
UM.

The N158C CdSe@ZnS nanoparticle-based biosensor was
selected for further characterization, and the metal ion
specificity was examined. The selection of the N158C system
was due the large high-affinity Pb®" ion-dependent emission
response relative to the A182C and K98C systems. No
response was seen with the addition of CaSO,, MgSOy,
ZnCl,, CdCl,, or NiCl,, where a response was observed with
the addition of 500 pM Pb(NOs), (Figure 3). These observa-
tions demonstrate a metal ion selectivity (Kpp2+/Kyp2+) of over
108 for Ca?" ions and 10° for Zn*", Cd**, and Ni*" ions.
Addition of Cu?*, Co?*, or Hg*" ions (100 uM) to the N158C
CdSe@ZnS nanoparticle-based biosensor showed greater
than 50% quenching (CuSOy, 95%; CoSO,4, 58%; HgCl,,
98%) but was also observed with only MT-coated CdSe@ZnS
nanoparticles (CuSOy, 95%; CoSOy, 18%; HgCl,, 94%). The
MT-coated CdSe@ZnS nanoparticle response suggests that
Cu?t and Hg?" bind to surface-bound MTs and alter the
CdSe@ZnS nanoparticle emission. Binding of Cu>" and Hg>"
to MT is not surprising based on our observations on CdSe
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nanoparticles (22) and other studies (43) and represents a
limitation of the current capping groups. We are developing
capping ligands that maintain nanoparticle solubility at
physiological concentrations of mono- and divalent cation
salts, but MT-capped nanoparticles provide a Pb*" ion
biosensor with a 100 pM to 1 uM dynamic range that is
selective against Ca*" ions (10 mM), Zn*" ions (100 uM),
Cd?* ions (100 uM), and Ni*" ions (100 uM).
InGaP@ZnS Nanoparticle-Based Biosensors. Red-emitting
InGaP@ZnS nanoparticles were used to demonstrate that
Pb?* ion biosensing occurs with this preliminary system in
the presence of red blood cells. The InGaP@ZnS nanopar-
ticles replaced the CdSe@ZnS nanoparticles in the N158C
CdSe@ZnS nanoparticle-based biosensor (N158C InGaP@ZnS
nanoparticle-based biosensor). The parent InGaP@ZnS nano-
particles used for this study adsorb light with wavelengths
at or shorter than 620 nm and have emission maxima around
660—670 nm (Scheme 1C, bottom). These characteristics
remove interference from the major absorbance of hemo-
globin (4 < 620 nm; g0 deoxy = 5000 M~ cm™", 620,00y =
1000 M~ cm™!) (18). Addition of the 1-modified N158C
PBP-Pb’" to InGaP@ZnS nanoparticles caused a 15%
quench in emission intensity (final quantum yield 4—8%),
similar to the effect on CdSe@ZnS nanoparticle emission
(13%). Upon addition of 50 uM Pb(NO3), to solutions of
the N158C InGaP@ZnS nanoparticle-based biosensor (5
nM), a 70% quench was observed in the absence of CaSO,
and a 45% quench was observed in the presence of 10 mM
CaSO0y. Pb(NO3), titrations were performed as above using
excitation wavelengths of 325 nm (InGaP@ZnS excitation
maximum) and 620 nm to satisfy the red blood cell
absorbance criterion (Figure 4). Lower limits of detection
were found at 100 pM for both excitation wavelengths in
buffer along with similar calculated affinities (Kx; = 1 X
10° M1, A} = 50%; Kap =1 x 10 M7, Ay = 50%; R =
0.982) in the presence of 10 mM CaSO, (Figure 4C,D). This
observation demonstrates that the observed modularity
between CdSe@ZnS nanoparticle sizes (565 vs 545 nm
emission) is maintained between nanoparticles of different
semiconductors (CdSe@ZnS vs InGaP@ZnS nanoparticles).

The N158C InGaP@ZnS nanoparticle-based biosensor
performance was examined in the presence of red blood cells.
The concentration of the biosensor had to be increased to
200 nM for effective detection when mixed with red blood
cells to provide a 1% hematocrit. These solutions were
examined either in plastic 3 mL fluorescence cuvettes
(fluorometer) or on microscope slides with coverslips
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(fluorescence microscope). A 5 nM lower limit of detection
was observed in this current system (Figure SA—C) and can
be lowered as larger InGaP@ZnS nanoparticles (red-shifted
excitation and emission) are introduced to this system. Even
with the increased detection limits in the presence of red
blood cells, this observation demonstrates detection of Pb*t
ions far below other reported spectroscopic detection limits
in the presence of red blood cells. The issue of biosensor
solubility was addressed by fluorescence microscopy, where
minimal variation in emission intensity was observed from
the InGaP@ZnS nanoparticle-based biosensor in the presence
of red blood cells (Figure 5D). Comparison of saturated Pb>*
ion responses between the plastic cuvette (26% quench) and
microscope platforms (71% quench) demonstrates that
necessity for increasing the biosensor concentration is
primarily due to light scattering in the cuvette measurements.
These findings demonstrate a biosensor that can detect Pb*"
ions at baseline levels detected in the plasma.

Use of this biosensor to detect Pb*" ions in the presence
of red blood cells is highly likely as well. Biosensor
incorporation into red blood cells could be performed using
the reversible pore-forming streptolysin-o as reported before
(44). Clearly, the total Pb>* ion concentrations will be in
the micromolar range inside red blood cells; however, it is
highly likely that the exchangeable Pb*"ion concentrations
will be in the current dynamic range of this biosensor.
Biosensors that absorb and emit further into the near-infrared
region could be generated using this method with larger
InP@ZnS nanoparticles that have been recently reported (/4).
Coupling this biosensing technique with synchrotron X-ray
fluorescence microscopy, as with Zn?" ion distribution (45),
would augment these measurements. Two extensions of the
current biosensor are being developed to finalize detection
in red blood cells, dual emission wavelength response for
ratiometric detection and capping groups for improved
nanoparticle solubility in physiological solutions. Therefore,
this report details that the current biosensor provides a
platform that will advance the study of Pb?* ion interactions
around and within red blood cells.

CONCLUSIONS

Structural parameters from low molecular weight metal
complexes have been used in designing a Pb*>* ion binding
protein that, when attached to complex 1 and a MT-capped
CdSe@ZnS nanoparticle, functions as a fluorescent biosen-
sor. Parameters were selected to favor stereochemcially active
lone pair formation in the Pb?* ion coordinated in this site.
A strategy using ionic radii of metal ions for discrimination
was not used since metal binding site plasticity could be
introduced by domain—domain closure and flexible backbone
positions in the loops making up the binding site. Admittedly,
this strategy took advantage of a preexisting Arg residue from
the phosphate binding site to potentially provide an electro-
static metal ion discrimination from non-SALP-forming metal
ions. Further studies are underway for a better understanding
of the selectivity provided by Arg 135 and the existence of a
SALP in PBP-Pb**. Using this design strategy, a biosensor
based on phosphate binding protein had a 100 pM Pb(NOs),
lower limit of detection and a 100 pM to 1 uM dynamic range.
The emission wavelength of the biosensor was altered from
545 to 660 nm by changing the nanomaterial from CdSe@ZnS
to InGaP@ZnS. Use of InGaP@ZnS, and potentially larger
InP@ZnS nanoparticles (/4), allows Pb*" ion detection in the
presence of red blood cells (5 nM lower limit of detection). In
light of the parent maltose biosensor system (20, 39), this report
shows that CdSe@ZnS nanoparticle-based biosensors have a
significant receptor modularity. The semiconductor modularity
of the parent system was shown in translating the response
readout from 545 nm emitting CdSe@ZnS nanoparticles to 660
nm emitting InGaP@ZnS nanoparticles. This designed protein
demonstrates a highly sensitive and selective biosensor that can
reversibly detect Pb*" ions in aqueous solutions. Thus, the
modularity of semiconductor nanoparticle-based biosensors has
allowed metalloprotein design and different semiconductor
materials to be combined to significantly improve the detection
of soluble, exchangeable Pb*" ion concentrations to address
inefficient Pb?* ion chelation therapy.
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