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tum dots (QDs) are an attractive alter-
native to organic dyes due to their
brightness, photostability, and large Stokes'
shifts, and the possibility of tuning emission
wavelength maxima by altering the size or
composition of the crystalline core.' > They
have been made from IV, llI-V, and II-VI
semiconductors and are typically synthe-
sized via thermal decomposition of organo-
metallic precursors in organic solvents and
in the presence of surfactants.® The most
popular QDs consist of a CdSe core sur-
rounded by a ZnS shell that is itself capped
by a hydrophobic ligand (often trioctylpho-
sphine oxide; TOPO).”® For biological appli-
cations, such QDs must be made hydro-
philic by ligand exchange and further
derivatized with antibodies or other target-
ing molecules.* While this synthesis train
works well, it is energy intensive, involves
toxic compounds, greatly increases the size
of the particle, and relies on a series of cum-
bersome and time-consuming steps.
Molecular biomimetics is a “green” ap-
proach to material synthesis in which short
peptides selected by combinatorial display
for their ability to bind inorganic materials®
are used in isolation or within the context of
larger proteins to synthesize or assemble
structures with nanoscale control of com-
position and architecture.'®"'? Previously,
we described the construction, overpro-
duction, and rapid purification of a fusion
protein combining ZnS-mineralizing and
antibody-binding activities and demon-
strated that it could be used for the effi-
cient and environmentally friendly biosyn-
thesis of ZnS nanocrystals emitting in the
blue region of the spectrum.'® By taking
advantage of the functional protein shell,
these nanoparticles could be decorated with
antibodies in a single, aqueous reaction pot,
yielding immuno-QDs that, at ~14 nm in
hydrodynamic diameter (HD), are significantly

Semiconductor nanocrystals or quan-
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ABSTRACT The intentional introduction of transition metal impurities in semiconductor

nanocrystals is an attractive approach for tuning quantum dot emission over a wide range of

wavelengths. However, the development of effective doping strategies can be challenging,

especially if one simultaneously requires a low-toxicity crystalline core, a functional protein shell,

and a “green”, single-step synthesis process. Here, we describe a simple and environmentally

friendly route for the biofabrication of Cu-doped (blue-green) or Mn-doped (yellow-orange) ZnS

nanocrystals surrounded by an antibody-binding protein shell. The ZnS:Mn hybrid particles obtained

with this method exhibit a 60% enhancement in maximum photoluminescence intensity relative to

undoped nanocrystals and have a hydrodynamic diameter inferior to 10 nm. They can be stored for

months at 4 °C, are stable over a physiological range of pH and salt concentrations, can be decorated

with variable amounts of antibodies by direct mixing, and hold promise for biosensing and imaging

applications.
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smaller than those generated by mixing strep-
tavidin-coated QDs (HD a2 25—35 nm)'* with
biotinylated antibodies (HD &~ 10 nm).'® Be-
cause different emission wavelengths are
desirable for QD-based imaging and multi-
plexing technologies,® > we explore here the
possibility of altering the photoluminescence
color of the ZnS core by transition metal
doping™~'® during the biofabrication pro-
cess. We show that both Cu®" and Mn*" are
appropriate dopants and that ZnS:Mn core
QD:s are bright, stable, derivatizable with vari-
able numbers of antibodies, and useful for
practical applications.

RESULTS AND DISCUSSION

Previously, we described a tripartite fu-
sion protein consisting of a ZnS-binding
peptide engineered within the active site
loop of Escherichia coli Thioredoxin 1 (TrxA)
fused to the BB antibody-binding module of
Staphylococcus aureus protein A.'® In aque-
ous solvents and under ambient condi-
tions, this designer protein (BB-TrxA:CT43;
Figure 1A) templates the mineralization of
luminescent ZnS nanocrystals that have a
quantum yield of 2.5% and appear blue to
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Figure 1. Protein-aided synthesis of Mn-doped ZnS nano-
crystals. (A) Schematic illustration of the biomineralization
process mediated by the BB-TrxA::CT43 fusion protein. The
antibody-binding BB domain (red), ZnS-binding loop
(green), and TrxA framework (blue) are shown. (B) Influence
of the Mn?" concentration on the fluorescence of UV-
excited biofabricated QDs. A no protein control is included.
(C) Emission intensity at 590 nm of QDs mineralized in the
presence of the indicated amount of Mn?" (1. = 280 nm).
Error bars correspond to triplicate experiments. Absorption
(D) and emission (E) spectra of QD mineralized in the
absence (blue) or presence of 7.5% Mn (orange). A no
protein control (black) is included. The peak centered at
670 nm that is visible in the blue curve and convoluted in
the orange spectrum corresponds to the second-order
diffraction of the proteins' tryptophan emission peak. The
inset of part D shows a HRTEM image of an Mn-doped (7.5%)
ZnS nanocrystals bounded by a dashed line to facilitate
visualization.

the eye as a result of contributions from the ZnS
band-edge (at 320—340 nm), protein tryptophans (at
345 nm), and trap states at 430—450 nm that are
presumably associated with sulfur vacancies in the ZnS
lattice (Figure 1B, D, E).

To determine if the emission color could be altered
by manganese doping, we conducted biomineraliza-
tion experiments with 2 uM BB-TrxA:CT43 and 0.4 mM
Na,S as described," except that various amounts of
Mn(CH3COO), were added to the Zn(CH;COO), elec-
trolyte, keeping the total cation concentration (Zn*"
plus Mn*) equal to 0.4 mM (see Materials and Methods).
Compared to control reactions performed in the ab-
sence of protein and for which no photoluminescent
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material is obtained (Figure 1B, Control), and compared
to the blue color of undoped QDs (Figure 1B, None), a
yellow-orange emission characteristic of Mn-doped ZnS
became obvious in the presence of 0.5% Mn*". The
emission peak did not shift but increased in intensity
with the doping ratio, reaching a maximum at 10% Mn>"
and decreasing at higher concentrations (Figure 1B,C and
Figure S1 in the Supporting Information). These doping
ratios are significantly higher than the 0.5 to 1% Mn>"
values that have been reported to yield maximum
photoluminescence in traditional synthesis schemes.'>'?
To determine the extent of manganese incorporation,
QDs biofabricated at nominal doping ratios of 7.5% and
10% Mn*" were acetone-precipitated, and the concen-
trations of Mn and Zn determined by induction coupled
plasma (ICP) atomic emission spectroscopy. The calcu-
lated ratios of maganese to manganese plus zinc were
7.27% and 9.74%, respectively, indicating that the com-
position of the doped material mirrors the solution
chemistry. Why those higher amounts of Mn are required
to achieve high photoluminescence remains unclear at
present but could be an idiosyncrasy of the protein-aided
synthesis process.

QDs biofabricated in the presence of 7.5% Mn*"
were selected for detailed characterization. As ex-
pected for quantum-confined particles, the absorption
edge of ZnS:Mn QDs (~335 nm; Figure 1D) was blue-
shifted relative to bulk ZnS (340 nm for the zinc blende
structure), but less so than in the case of undoped
nanocrystals (~317 nm). High-resolution TEM imaging
confirmed the presence of roughly spherical nano-
crystals (Figure 1D, inset) that were 4.1 + 0.7 nm in
diameter based on 67 particles, a value comparable to
that of undoped QDs (4.3 & 1.1 nm)."® Emission spectra
(Figure 1E) revealed that Mn-doping resulted in com-
plete disappearance of the trap state at 430 nm to the
profit of a narrow emission peak centered at 590 nm.
This is fully consistent with incorporation of Mn into the
ZnS lattice and energy transfer from ZnS states to the
*T,—%A; Mn>" transition.'® With a 60% increase in
maximum emission intensity, ZnS:Mn particles were
also significantly brighter than their undoped counter-
parts. Finally, dynamic light scattering measurements
revealed that the particles' HD was 9.2 + 1.0 nm, a
value consistent with the presence of an about 2.5 nm
thick protein shell surrounding the crystalline core.

ZnS:Mn QDs were physically and optically stable for
months when stored at 4 °C in synthesis buffer. To
determine how variations in ionic strength and pH
would affect their stability, freshly biofabricated QDs
were treated with NaCl, HCl, or NaOH and photolumi-
nescence emission spectra were recorded after 1 h
incubation at room temperature. Although 150 mM
NaCl caused a 20% decrease in peak emission intensity,
there was no further degradation of optical properties
over time or in the presence of 0.5 M NaCl (Figure 2).
Furthermore, the QDs remained as bright as the control
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Figure 2. Influence of ionic strength and pH on the optical
performance of biofabricated ZnS:Mn QDs. (A) Photolumi-
nescence intensities were recorded at 590 nm after 1 h
incubation at 23 °C in the presence of the indicated addi-
tives. Values are normalized to that of an untreated control
sample. There was no change in intensity after an additional
hour of incubation. (B) Appearance of the samples.
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Figure 3. Photophysical characteristics of biofabricated
ZnS QDs doped with Cu(ll). Absorption (A) and emission
(B) spectra were collected for sample receiving no additives
(None) or 2.5% Cu>". The inset shows the appearance of
Cu(ll)-doped (2.5%) ZnS QDs.

at pH = 6, and only under highly alkaline conditions
(pH 11) was there a small decrease in peak emission
intensity. On the other hand, acidic conditions (pH < 5)
led to complete loss of luminescence, presumably due
to acid unfolding of the protein shell and dissolution of
the ZnS core. Overall, these data indicate that the ZnS:
Mn particles are suitable for biological applications.

In addition to Mn, other transition metals can be
used to create intermediate energy states below the
excitonic states of ZnS nanocrystals, thus changing the
photophysical relaxation process.'® To determine if our
protein-aided QD synthesis process was compatible
with other dopants, we repeated mineralization ex-
periments in the presence of copper(ll) ions. Among
the various concentrations tested (Figure S2), addition
of 2.5% Cu®* (as a percent of total Zn** + Cu®") led to
the brightest blue-green luminescence upon UV ex-
citation (Figure 3B, inset). As in the case of manganese,
copper doping led to quenching of the 430 nm trap
state and to the appearance of a new peak at 480 nm
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Figure 4. Controlling the valency of immuno-QDs.

(A) Schematic illustration of the antibody conjugation process
through the BB domain (red) of the capping fusion protein.
(B) Agarose gel analysis of immunocomplex formation at
various IgG to QD ratios. The gels were stained with
Coomassie blue (top images) or photographed under UV light
(bottom). The migration position of unconjugated QDs

and IgG are indicated, as is the position of two different
immunoconjugates (a and b).

(Figure 3) that likely corresponds to the transition from
the ZnS defect level to the copper t, level.*°

An attractive feature of our bioinspired synthesis
process is that it yields high-quality nanocrystals capped
with a functional protein shell in a single step. In the
current design, the BB domain of the fusion protein
should mediate direct conjugation of the QDs to the Fc
fragment of immunoglobulin G (IgG) antibodies (Figure
4A). To verify this functionality, we exploited the fact
that ZnS:Mn QDs and human IgG localize at two distinct
positions when subjected to electrophoresis on agarose
gels. In the absence of antibodies (Figure 4B, lane 1),
protein-coated QDs migrated toward the anode at the
bottom of the gel, and there was a good match between
the BB-TrxA:CT43 protein band on Coomassie-stained
gels (top) and the fluorescent band when the same gels
were photographed under UV illumination (bottom). By
contrast, pure IgG migrated toward the cathode and
was not fluorescent (lane 13).

Addition of increasing amounts of IgG to a fixed
concentration of BB-TrxA:CT43-coated nanocrystals
led to progressive disappearance of the fluorescent/
fusion protein band corresponding to unmodified QDs
and to the concomitant appearance of two intermedi-
ate bands designated “a” and “b” in Figure 4B. Band “a”
was detected at ratios of IgG to fusion protein ranging
from 1:6 to 1:1 and likely corresponds to nanocrystals
that are not completely derivatized with antibodies. At
a 2-fold molar excess of IgG over BB-TrxA:CT43, all
fluorescent/fusion protein material was found at posi-
tion “b”, and there was no change in migration when
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the IgG concentration was raised up to a 6-fold molar
excess. Thus, band “b” corresponds to fully derivatized
immuno-QDs in which every sterically available BB
domain has bound an antibody Fc fragment as de-
picted in Figure 4A. On the basis of atomic emission
spectroscopy data and assuming that the nanocrystals
are 4.1 nm diameter spheres, we calculated that five to
six molecules of BB-TrxA::CT43 cap each ZnS:Mn parti-
cle. Why we were able to visualize only a single species
of intermediate valency rather than a series of bands
decorated with different numbers of antibodies re-
mains unclear but may be related to the poor resolu-
tion of agarose electrophoresis and/or cooperative
binding events. Nevertheless, the equilibrium coexis-
tence of underivatized, fully derivatized, and partially
derivatized QDs at low IgG concentrations indicates
that it is possible to generate stable species displaying
variable numbers of decorating antibodies to the
solvent. Finally, it is worth pointing out that the inter-
action between BB-TrxA:CT43-coated QDs and IgG
was robust and specific since addition of up to a 3-fold
molar excess of BSA did not affect immuno-QD forma-
tion (Figure S3).

Figure 5. Antigen aggregation assay. (A) Schematic illus-
tration of the assay in which multiple epitopes on BSA (pale
blue oval) are recognized by a molar excess of QDs deco-
rated with anti-BSA polyclonal antibodies. (B) Fluorescence
image of the resulting aggregates.
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To verify immuno-QD functionality with a different
type of antibody, we conducted an antigen aggrega-
tion experiment as depicted in Figure 5A. To this end,
ZnS:Mn nanocrystals were mixed with a 2-fold molar
excess (1 nmol) of rabbit anti-bovine serum albumin
(BSA) over the amount of BB-TrxA::CT43 used for their
mineralization. On the basis of Figure 4, these condi-
tions should result in a protein shell that is fully
decorated with polyclonal anti-BSA antibodies. Next,
50 pmol of BSA was added to the mixture. As antici-
pated from the fact that the multivalent immuno-QDs
recognize several epitopes on each BSA molecule, we
observed the formation of micrometer size aggregates
that were highly fluorescent due to the spatial con-
finement of a large numbers of QDs (Figure 5B). No
such clusters were observed when the experiment was
repeated with nanocrystals that had not been first
decorated with antibodies (Figure S4).

In order to further demonstrate the practical useful-
ness of the above immunoconjugates, we fractionated
decreasing amounts of hexahistidine-tagged Hsp31
(Hiss-Hsp31, a molecular chaperone from E. coli)*' on
SDS minigels and transferred samples to PVDF mem-
branes. The control membrane (Figure 6A) was incubated
with antibodies against the hexahistidine tag, and
Hisg-Hsp31 bands were detected following incubation
with alkaline phosphatase conjugated secondary anti-
bodies and colorimetric development. The duplicate
membrane was directly probed with QDs decorated with
the same amount of anti-Hisg antibodies (in buffer con-
taining 150 mM NaCl) and photographed on a UV
transilluminator. Figure 6B shows that immuno-QD de-
tection was not only more rapid (single-step) but also
more sensitive than colorimetry, allowing visualization of
as little as 0.5 ng (~15 fmol) of Hiss-Hsp31.

His -Hsp31 (ng)
10° 500 250 100 50 25 10 5 25 1 05 025

e e <
’ _
Figure 6. Western analysis of His6-Hsp31 using antihisti-

dine antibodies and traditional (A) or ZnS:Mn QD-based
(B) detection.

CONCLUSION

We have developed a straightforward and environ-
mentally friendly biomineralization process for the
synthesis of multicolored ZnS nanocrystals via aque-
ous and low-temperature transition metal doping.
Biofabricated ZnS:Mn QDs appear particularly promis-
ing for bioimaging and biosensing applications be-
cause (1) they emit bright yellow-orange light upon
excitation with standard UV sources, have long shelf
lives, and are stable under physiological conditions
of pH and ionic strength; (2) their core does not
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incorporate cadmium ions, which persist for long times
in tissues;?>?* (3) the capping protein shell is stably
tethered to the crystalline through the mineralizing
ZnS binding peptide and can be readily derivatized

MATERIALS AND METHODS

Materials. All chemicals were purchased from Sigma-Aldrich
Co., and fresh stock solutions were prepared on the day of use
with Milli-Q grade ddH,O water. The BB-TrxA:CT43 fusion
protein was expressed, purified, and desalted as described'®
and was stored at —80 °C. Before use, the protein was thawed
and dialyzed overnight at 4 °C against ddH,0.

Nanocrystal Synthesis. For the synthesis of Mn-doped ZnS
nanocrystals, we modified our original protocol'® as follows:
200 uL of 5 mM Zn(CH5COO), was aliquoted in an 18 mm
diameter round-bottom test tube, and appropriate amounts of
5 mM Mn(CH5COOQ), were added to change the Mn?":Zn*"
molar ratio from 1:200 to 1:3. Next, 200 uL of 40 mM
NH4CH5COO and 244 ul of 0.55 mg/mL BB-TrxA:CT43 were
added. The pH was adjusted to 8.2 by addition of 250 uL of
10 mM NH,4OH, and the volume brought to 2.3 mL with ddH,0.
After 1 h incubation at room temperature, 200 uL of 5 mM Na,S
was added dropwise with vortexing and the solution was
transferred to a 37 °C incubator for a 5-day aging period. The
final concentration of both cations (Zn®* 4+ Mn?") and anions
(5%7) was 0.4 mM, while the final concentration of BB-Trx:CT43
was 2 uM. Long-term nanocrystal sample storage was at 4 °C.
Cu-doped ZnS nanocrystals were prepared as above except that
a stock solution of 5 mM Cu(CH3COO), was used in place of
Mn(CH3COO),.

Analytical Techniques. UV—visible absorption spectra were
measured on a Beckman Coulter DU640 spectrophotometer
using 1 mL of sample. Photoluminescence emission spectra
were recorded from 300 to 800 nm using 1 mL of sample on a
Hitachi F4500 fluorescence spectrophotometer with excitation
at 280 nm and slit widths set at 2.5 nm. The wavelength region
corresponding to the second-order diffraction peak of the
excitation light was omitted. Photoluminescence excitation
spectra were collected at 590 nm (ZnS:Mn) or 480 nm (ZnS:
Cu) over the indicated range of excitation wavelengths on the
same instrument. Hydrodynamic diameters were measured on
a Malvern Zetasizer Nano-ZS dynamic light scattering instru-
ment equipped with a 633 nm laser filter using 1 mL samples.
For transmission electron microscopy (TEM) analysis, samples
(5 uL) were deposited on plasma-cleaned carbon-coated copper
TEM grids and allowed to dry in air. High-resolution TEM images
were collected on a FEI Tecnai G2 F20 S/TEM operated at an
accelerating voltage of 200 kV. For induction coupled plasma
atomic emission spectroscopy, 10 mL of 7.5% or 10% Mn-doped
ZnS QDs was mixed with 50 mL of acetone, and the precipitated
material was sedimented by centrifugation at 5000g for 5 min.
The pellet was washed twice with 5 mL of acetone and allowed
to air-dry. Concentrated HCl (2.5 mL) and HNO3 (2.5 mL) were
added sequentially, and the mixture was incubated for 4 h.
Samples were diluted 10-fold for ICP atomic emission spectro-
scopy on Jarrell-Ash 955. Calibration standards in the 0—50 uM
(Mn®") and 0—400 uM (Zn>") range were prepared with
Mn(CH5COO), or Zn(CHsCOO), as above. All measurements
were conducted in triplicate.

Native Agarose Electrophoresis. Samples of ZnS:Mn quantum
dots were concentrated ca. four times by centrifugation at
4000g using an Amicon Ultra-4 centrifugal filter (MWCO
3 kDa, Millipore). The retentate was assayed for BB-TrxA:CT43
concentration (assumed to be quantitatively bound to the
nanocrystals) using a Bradford assay (Pierce). The typical con-
centration of fusion protein was 0.2 mg/mL (7.5 uM). Human IgG
purified immunoglobin (Sigma) was dissolved to a 10 mg/mL
(66.7 uM) or 2 mg/mL (133 uM) concentration in buffer A
(100 mM Tris-HCl, pH 7.5, 150 mM NaCl). Bovine serum albumin

ZHOU AND BANEYX

with antibodies owing to the presence of the BB
domain; and (4) the antigen-binding valency of the
resulting nanoparticles can be controlled by varying
the molar ratio of antibodies to fusion protein.

(Sigma) was dissolved to a concentration of 2 mg/mL (30 uM) in
the same buffer. A constant amount of ZnS:Mn nanocrystals
(30 uL) was mixed with various amounts of IgG to change the
molar ratio of IgG to BB-TrxA::CT43 from 1:6 to 6:1, and the final
volume was adjusted to 60 uL with buffer A. For the control
experiment of Figure S3, ZnS:Mn nanocrystals were mixed at an
equimolar ratio of IgG to BB-TrxA:CT43 in the absence or
presence of the indicated molar excess of BSA. After 1 h
incubation at 4 °C with slow shaking, immunocomplexes were
mixed with 10 uL of 5x sample buffer (50% glycerol, 0.1%
Bromophenol Blue, 0.12 M Tris base), and aliquots were loaded
onto 0.75% agarose gels made in running buffer (25 mM Tris,
19.2 mM glycine, pH 8.5). Aliquots of the concentrated QD
solution and human-IgG were loaded in flanking wells to serve
as controls. The gel was submerged in running buffer, and
electrophoresis was performed at a constant voltage of 50 V for
45 min (or 60 min in the case of Figure S3) at room temperature.
Fluorescent bands were detected by illumination at 302 nm on
a UV transilluminator operating at 302 nm. Gels were subse-
quently stained with 0.12% Coomassie brilliant blue R in 45%
methanol and 10% acetic acid for 1 h and destained in 45%
methanol and 10% acetic acid before digital image acquisition.

Western Blots. Aliquots of Hiss-HSP31 expressed and purified
as described?’ were loaded onto duplicate 12.5% SDS-PAGE
minigels and transferred to PVDF membranes at 65 V for 65 min.
The membranes were incubated for 1 h at room temperature in
a blocking solution consisting of 3% gelatin and 3% BSA in TBS-T
buffer (20 mM Tris-base, pH 7.5, 500 mM NaCl, 0.05% Tween-20).
For colorimetric detection, the membrane was rinsed three
times with TBS-T and incubated for 1 h at room temperature
in 10 mL of blocking buffer supplemented with anti-HexaHis
mouse monoclonal antibody (Covance) at a 1:1000 dilution.
After three wash steps in TBS-T, the membrane was incubated
for 1 h at room temperature in 10 mL of blocking buffer
supplemented with a 1:3000 dilution of goat anti-mouse IgG
alkaline phosphatase conjugate (Sigma). Immunoreactive
bands were visualized by colorimetric detection with NBT and
BCIP. For QD-based detection, 2 mL of unconcentrated ZnS:Mn
nanocrystals was mixed with an equal volume of blocking
solution, the anti-HexaHis antibody was added at a 1:1000
dilution, and the solution was incubated 1 h at 4 °C. The mem-
brane was immersed in the detection reagent for 1 h and
washed three times with TBS-T, and fluorescent bands were
visualized by photographing the membrane on a UV transillu-
minator operated at 302 nm.

Antigen Aggregation Assay. Biofabricated ZnS:Mn QDs (250 L)
were incubated with 30 uL of rabbit anti-BSA (Sigma B1520;
5 mg/mL) for 1 h at room temperature with gentle mixing.
A 33.3 ul aliquot of a 100 #g/mL solution of purified BSA
(50 pmol) was added, and the mixture was incubated for one
additional hour at room temperature. An aliquot (5 ul)
was photographed on a Nikon inverted microscope with a
40x/1.3 oil objective and UV illumination from a Hg lamp. The
control experiment of Figure S4 was conducted as above but
without anti-BSA addition.
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