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nterest in utilizing nanoparticle materi-
als to create hybrid biological-inorganic
sensors and probes continues to grow
relatively unabated.'”'"" Among available
nanomaterials, colloidal semiconductor
nanocrystals or quantum dots (QDs) are an
appealing choice due to the unique electro-
chemical and photophysical properties
they provide.* 6112 From an optical per-
spective these include broad absorption
spectra, size-tunable, narrow-symmetric
emissions with high quantum yields, large
“effective” Stokes shifts, and robust resis-
tance to both photo- and chemical
degradation.* ® When interfaced with bio-
logical molecules including proteins, pep-
tides, and DNA, the resulting QD-
biocomposites have widespread applicabil-
ity in areas ranging from in vivo imaging
and diagnostics in biomedicine to environ-
mental monitoring for public health and
security.*” 4112 QD sensing constructs have
already been prototyped for detecting a
myriad of targets such as explosives, tox-
ins, nucleic acids, peptides, drugs, carbo-
hydrates, proteins, and enzymatic processes
in both ensemble and single-molecule
formats.*'27'> The principle impediment to
further development of these composite
nanomaterials continues to be the lack of
efficient chemistries for attaching biologi-
cals to QDs with intimate control over their
stoichiometry, orientation, and affinity.'®
We have focused on developing QD bio-
functionalization chemistries to address this
need. Primary among the strategies we
have exploited is that of polyhistidine (His,)
metal-affinity coordination between the im-
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ABSTRACT The nanoscale size and unique optical properties of semiconductor quantum dots (QDs) have
made them attractive as central photoluminescent scaffolds for a variety of biosensing platforms. In this report
we functionalize QDs with dye-labeled peptides using two different linkage chemistries to yield Forster resonance
energy transfer (FRET)-based sensors capable of monitoring either enzymatic activity or ionic presence. The first
sensor targets the proteolytic activity of caspase 3, a key downstream effector of apoptosis. This QD conjugate
utilized carbodiimide chemistry to covalently link dye-labeled peptide substrates to the terminal carboxyl groups
on the QD’s surface hydrophilic ligands in a quantitative manner. Caspase 3 cleaved the peptide substrate and
disrupted QD donor-dye acceptor FRET providing signal transduction of enzymatic activity and allowing derivation
of relevant Michaelis—Menten kinetic descriptors. The second sensor was designed to monitor Ca2* ions that
are ubiquitous in many biological processes. For this sensor, Cu*-catalyzed [3 + 2] azide —alkyne cycloaddition
was exploited to attach a recently developed azide-functionalized CalciumRuby-Cl indicator dye to a cognate
alkyne group present on the terminus of a modified peptide. The labeled peptide also expressed a polyhistidine
sequence, which facilitated its subsequent metal-affinity coordination to the QD surface establishing the final FRET
sensing construct. Adding exogenous Ca?* to the sensor solution increased the dyes fluorescence, altering the
donor—acceptor emission ratio and manifested a dissociation constant similar to that of the native dye. These
results highlight the potential for combining peptides with QDs using different chemistries to create sensors for

monitoring chemical compounds and biological processes.

KEYWORDS: quantum dot - nanocrystal - biosensor - protease - calcium -
FRET - indicator - caspase 3 - fluorescence - energy transfer - dye

idazolium functional groups on neighbor-
ing histidine residues and the Zn present on
the QD-ZnS shell.” This self-assembly inter-
action occurs rapidly, with high affinity
(Kg~' ~ 10° M), and is equally effective
when using QDs functionalized with either
negatively charged or neutral solubilizing
ligands. More importantly, it allows control
over the average number of molecules at-
tached per QD (valence) through the molar
ratios used and even provides spatial orien-
tation of biomolecules on the QD surface
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in many cases.'®'® Recombinant proteins, synthetic
peptides, and chemically modified nucleic acids have
all been self-assembled to QDs using this approach to
create various sensing systems.'”2°~23 For example, we
recently engineered the monomeric red fluorescent
protein mCherry to express both a terminal Hise-
sequence and an intervening caspase 3 cleavage site
to yield self-assembled QD-mCherry Forster resonance
energy transfer (FRET) sensors capable of monitoring
caspase 3 proteolysis.' Further work demonstrated a
more modular strategy to QD conjugation by incorpo-
rating chemoselective, aniline-catalyzed hydrazone
coupling chemistry to append Hiss sequences onto
peptides and DNA.2* When this approach was used,
Hise-starter peptides were specifically ligated to pro-
teolytic substrate peptides, an oligoarginine cell-
penetrating peptide, and even a DNA probe, allowing
the subsequently self-assembled QD constructs to en-
gage in appropriately targeted bioassays. Beyond direct
His,-QD self-assembly, concomitant synthesis has de-
veloped a family of polyethylene glycol (PEG)-based QD
surface functionalizing ligands or caps that are pH
stable and that provide access to carbodiimide (EDC)-
based linkages or biotin—avidin chemistry.?> Other re-
search groups have contributed numerous and quite di-
verse QD bioconjugation strategies ranging from
reactive PEG chemistries to adapting Tsien’s CrAsH
arsenic—tetracysteine linkage chemistry along with
demonstrating monovalent labeling.26-28

Although significant progress has been made, it still
remains important to expand the QD-bioconjugation
chemical “toolbox”, especially given the current interest
in multimodal or theranostic nanomaterials, that is, com-
posites capable of multiple simultaneous applications
such as imaging, sensing, and drug delivery.3?°-3! Suc-
cessful engineering of next generation materials will be
predicated on access to several different biofunctionaliza-
tion chemistries capable of being simultaneously imple-
mented. Here we demonstrate two different peptide-
based chemistries for creating QD sensors, see Figure 1A.
In the first, a dye-labeled peptide sequence is coupled to
the terminal carboxyl groups of the hydrophilic ligands
present on the QD surface using EDC chemistry. The util-
ity of this approach is highlighted by applying the QD-
peptide constructs for FRET-based proteolytic sensing.
For the latter chemistry, a Hiss-appended peptide se-
quence is covalently linked to CalciumRuby-Cl, a new syn-
thetic Cu?* sensing indicator dye,3*33 using the Cu™-
catalyzed [3 + 2] azide—alkyne cycloaddition (CUAAC)
reaction. The indicator dye-peptide construct was subse-
quently self-assembled to QDs using metal-affinity coor-
dination, allowing the conjugate to function as a FRET-
based Ca?* sensor. Despite the fact that the first QD
attachment chemistry is covalent, while the latter is self-
assembly driven (noncovalent), the ratio of dye-labeled
peptide linked to the QDs in each conjugate could still be
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tightly controlled, allowing each sensor to be applied
quantitatively.

RESULTS AND DISCUSSION

Engineering and Function of the Quantum Dot Sensors. Al-
though two different chemistries are employed here, the
engineering and function of both sensor constructs have
many common attributes, as highlighted in Figure 1A.
These include (1) the initial modular design of the pep-
tides themselves, along with the processes of (2) peptide
dye-modification, (3) QD conjugation, and (4) FRET sens-
ing. Each peptide sequence is designed to incorporate
several functionalities or modules within their respective
sequences to facilitate both the chemistry during sensor
assembly along with the desired application. For the
caspase 3 sensor, peptide 1 displays four relevant func-
tionalities, as highlighted by the colors in Figure 1A. The
C-terminal cysteine provides a unique thiol moiety for
site-specific labeling with a dye, the SGDEVDSG sequence
is an extended recognition site, and substrate for which
caspase 3 has demonstrated augmented affinity,' the re-
maining sequence acts as a short spacer, while the single
N-terminal primary amine provides the site for covalent
linkage to the QD surface-carboxyl ligands. For the Ca**
sensor, peptide 2 displays a unique terminal alkyne group
for chemical coupling to the azido-CaRbCl dye, an inter-
vening chemical linkage introduced as part of the azide
modification, a sequence rich in Ala and Aib residues that
are intended to form an a-helical spacer while the Gly
residues are placed to break the helix, and finally, an
N-terminal Hiss for metal affinity-driven self-assembly to
the QD surface.

Prior to QD conjugation, each peptide was modi-
fied with an appropriate dye to facilitate FRET-based
sensing. Peptide 1 was labeled with Texas Red dye us-
ing standard maleimide —thiol linkage chemistry.3* As
synthesized, the CaRbCl is functionalized with a unique
azido handle, providing access to site-specific, orthogo-
nal CuAAC chemistry while leaving the dyes four-
pendant, metal-chelating/sensing carboxyl groups un-
perturbed; their presence specifically precludes EDC
chemistry. Peptide 2 was synthesized with a cognate
alkyne group and the peptide-CaRbCl conjugate was
formed using standard CuAAC aqueous reaction condi-
tions with CuSO, and ascorbic acid as described in
Materials and Methods. The next step in sensor engi-
neering attached the dye-modified peptides to the QDs.
For the caspase 3 sensor, Texas Red-labeled peptide 1
was conjugated to the terminal carboxyl groups
present on the polyethylene glycol-appended dihydro-
lipoic acid (DHLA-PEG) surface ligands using EDC-based
amide bond formation, see Figure 1 and Materials and
Methods.?>3* Carefully adjusting concentrations of the
peptide during the EDC reactions provided control over
the average ratio of dye-labeled peptide 1 acceptor
conjugate attached per QD donor (vide infra). In con-
trast, the peptide 2-CaRbCl conjugate was directly
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Figure 1. (A) Schematic showing the common design, chemical and sensing elements, including FRET-based biosensors: (1) peptide

modularity, (2) peptide labeling, (3) attachment to QDs, and

(4) FRET-based sensing for both the caspase 3 proteolytic sensor (left) and

Ca?* sensor (right). The 4-pendant carboxyl groups that interact with Ca?* ions are shown in red on the CaRbCl structure. Within the Ca**
sensor peptide sequence, Aib is the synthetic amino acid a-aminoisobutyric acid. Reactive dye structures are shown where appropriate
along with the chemical linkages attaching them to the peptides. (B) Chemical structures of the DHLA, DHLA-PEGg4(,-COOH, and DHLA-
PEG;5,-OMe QD surface functionalization ligands used. The carboxyl group targeted by EDC chemistry on the DHLA-PEGg(,-COOH ligand

is highlighted in blue.

mixed with QD solutions for Hisg-based self-
assembly and final QD-donor to acceptor-dye ratios
adjusted through the molar equivalents of each
added. Following QD-attachment, both constructs
engage in FRET-based or FRET-driven sensing, how-
ever, the individual mechanisms that subsequently
alter each conjugate’s emission and form the basis
for signal transduction are quite different. Caspase 3
recognizes and cleaves the DEVD sequence present
in peptide 1, allowing the peptides terminal-three
residues with attached dye to diffuse away from
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close proximity to the QD donor. The rate in which
cleavage occurs is proportional to the amount of en-
zyme and substrate present along with the enzymes
specific activity. Rather than depending upon a cleav-
age event, CaRbCl manifests a ~20-fold increase in
quantum yield upon Ca?* binding, making it ideal for
detecting changes in this ion concentration. Within the
QD-CaRb(l peptide assembly, Ca* alters the dyes emis-
sion properties in a concentration-dependent manner,
which in turn alters the ratio of acceptor to donor PL be-
tween the QD and CaRbCl. The interested reader is re-
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Figure 2. Normalized absorption and emission spectra for the (A) 550 nm emitting QDs-Texas Red and (B) 580 nm emitting QDs-CaRbCl
donor—acceptor pairs. The inset in each panel plots the spectral overlap function J (A) vs wavelength for each pair.

ferred to ref 32 for a discussion of CaRbCl’s original de-
sign, synthesis, and characterization.

As shown in Figure 2A, 550 nm emitting QDs were
chosen as donors to be paired with the Texas Red ac-
ceptor dye. The 550 nm emission overlaps with a signifi-
cant portion of the Texas Red absorption shoulder and
derives a Forster distance (R,) value of ~46 A, see Table
1. To optimize FRET with the CaRbCl dye, we utilize a
580 nm emitting QD as it provides excellent overlap
with the dye absorption. Indeed, the combination of
larger spectral overlap along with the higher acceptor
molecular extinction coefficient and similar quantum
yield allow for an R, value of 56 A, which is almost 20%
better than the 550 nm QD-Texas Red pair. Consider-
ing that the QD core/shell radii are estimated to be
28—31 A, depending upon sample (Table 1), in conjunc-
tion with estimates of the peptide lengths in a fully ex-
tended confirmation,'® a first approximation sug-
gested that these donor—acceptor pairings would be
appropriate for the desired sensing.

Caspase 3 Proteolytic Sensor. Apopain or caspase 3 is an
essential downstream effector protease in programmed
cell death or apoptosis. Upon activation by upstream
initiator caspases, this cysteine protease cleaves sub-
strate proteins containing DEVD target sequences as
part of the apoptotic proteolytic cascade.*® Caspase 3
is of interest in cancer research as its activity has shown
to be down-regulated in a variety of breast, ovarian,
prostate and gastric tumors.3® Decreased activity is also
a prognostic indicator of chemosensitivity in certain
tumors.3’~3° Caspase 3 is also thought to be involved
with the neural cell death found in Alzheimer’s dis-
ease.*® Developing biosensors capable of monitoring

TABLE 1. Relevant Photophysical Parameters

specific activity within both in vitro and in vivo high-
throughput formats continues to be a research priority.
Initial test reaction results showed that a series of
QD —peptide conjugates could be constructed over a
small range of acceptor ratios (n). The superimposed
spectra in Figure 3A highlight a representative data set
that covers a range of ratios from 0.5 up to 4.3 Texas
Red-labeled peptide acceptors/QD in six incremental
steps. The spectral separation between donor/accep-
tor emissions allows data to be directly analyzed from
these spectra without requiring subsequent deconvolu-
tion. The corresponding QD donor quenching or PL
loss, acceptor re-emission or sensitization, FRET effi-
ciency E, and E corrected for self-assembly heterogene-
ity are plotted in Figure 3B (see Materials and Meth-
ods). FRET efficiency data were corrected because,
similar to polyhistidine driven self-assembly to QDs, is-
sues of labeling heterogeneity with concomitant effects
on FRET are also applicable in this case.'® Although not
spanning a wide set of acceptor ratios, data show
changes in FRET E range from 30 to 75%, while the ac-
ceptor sensitization increases from ~10 to 35% and de-
rive a donor—acceptor center-to-center separation dis-
tance r of ~45 A. Moreover, E corrected does not
deviate much from initially derived data, indicating no
significant heterogeneity effects at the low acceptor ra-
tios used here. As the dye-labeled peptide is attached
to the terminal end of the DHLA-PEGg-COOH ligands,
its lateral extension directly influences FRET efficiency.
Use of a longer PEG derivative when synthesizing the
surface ligand would decrease overall FRET E. Sparse in-
formation is available on the actual number of dithiol
ligands that functionalize the surface of CdSe/ZnS QDs.

QD donor Ay, (nm) surface ligand QD core/shell radius (A)°  acceptordye  dye Aups/Aem (NM)  dye ext. coeff. (M~"em™") R, (A) r(A)
5507 DHLA-PEG;50/500 OME/COOH (85:15) 13—14/15 Texas Red 595/615¢ 80,000 46 45
5807 DHLA 15—16/15 CaRbCl 579/5987 100,000 56 49

“Quantum yield of ~20%. *Assuming five monolayers of ZnS overcoating.”*** Quantum yield of ~25%. “Quantum yield of 2.6% for Ca*-free and 42% for Ca?*-bound.
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Figure 3. (A) Representative, superimposed spectra collected from 550 nm emitting QD donors surface functionalized with 85:15 DHLA-
PEGg00-COOH/DHLA-PEG;5,-OMe ligands and covalently conjugated to increasing molar ratios of Texas Red-labeled substrate peptide.
Samples excited at 350 nm. (B) Plots of corresponding QD PL loss, FRET efficiency E, heterogeneity-corrected efficiency, and sensitized

Texas Red-acceptor emission calculated from the data in A. (C)

Proteolytic assay data from exposing a constant concentration of 550 nm

emitting QDs conjugated to 4 Texas Red substrate peptides to a constant concentration of caspase 3 enzyme. Derived K,,, and V,,,, val-
ues are given. An R? = 0.98 was obtained for the fitting of the curve.

We have previously estimated a maximum range of
~160—250 ligands,*' while the Bawendi group has re-
ported average values of 140 ligands for similar QDs.*?
Assuming efficient surface cap exchange and based on
the former report, this translates into an estimated mini-
mum of ~21—24 carboxyl groups available on aver-
age for the QD samples utilized here, which were func-
tionalized with a mixture containing 15:85 carboxyl/
methoxy-terminated ligands. Direct thiol-modification
of the surface with acceptor peptide is a possible alter-
nate approach to creating these types of sensors. How-
ever, this would involve displacing the solubilizing
ligand, which also tends to destabilize the QDs colloi-
dal nature. Furthermore, it is far harder to exert ratio-
metric control over acceptor valence with the latter
approach.

Several criteria are considered when selecting the
peptide/acceptor ratio to be utilized as a substrate in as-
says, and principal among these are significant FRET
combined with the potential for a large dynamic
change in FRET E following proteolysis.'® As such, we
chose to utilize the sample with four peptides/QD as
substrate in the assay. Triplicate samples at concentra-
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tions ranging from 7.5 to 50 pmols of QD decorated
with four peptides each were exposed to 65 units of
caspase 3 per reaction, while samples containing no en-
zyme were used as negative controls. Figure 3C plots
the resulting data from the assay following conversion
into units of enzymatic velocity (nmol peptidyl sub-
strate cleaved per min). Kinetic analysis derived a Ky of
1.5 + 0.4 WM, Vinax 0f 12.9 = 1.6 nM min~", ky of 0.4 57
(Vimax/[ENZioral] for excess substrate formats), and turn-
over number k,i/Ky of 2.6 X 10° M~" s™'. These values
are quite comparable to those previously derived (K of
3.0 = 1.5 WM, Vipax 0f 47 = 30 NnM min~", kp of 2577,
keat/Km of 6.7 X 10° M~" s7) with a similar peptidyl sub-
strate assembled on QDs or appended to the fluores-
cent protein in the QD-mCherry sensor construct.'>?*
The values also reflect the high specific activity of this
enzyme. The estimated Ky, values are slightly better
than the ~11 wM value obtained with a solution-phase
peptidyl substrate alone.** The parity in sensor perfor-
mance is also found despite several significant differ-
ences in conjugate architecture, including covalent ver-
sus self-assembly chemistry, use of DHLA versus DHLA-
PEG surface ligands, and the presence of a dye-labeled
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Figure 4. (A) Representative, superimposed, and deconvoluted spectra collected from 580 nm emitting QD donors self-assembled with
increasing CaRbCl-acceptor labeled peptides. Samples were excited at 350 nm. (B) Plots of corresponding QD PL loss, FRET efficiency E,
heterogeneity-corrected efficiency, and CaRbCl-acceptor sensitization from the data in A. (C) Representative data collected from expos-
ing 580 nm QDs self-assembled with ~2 CaRbCl-acceptor labeled peptides to increasing concentrations of Ca2*. The ratio of deconvo-
luted acceptor/donor PL area are plotted against concentration and used to derive the binding curve and dissociation constant. (D) Nor-
malized acceptor/donor PL area ratios for 580 nm QDs self-assembled with ~2 CaRbCl-acceptor labeled peptides exposed to selected
ionic materials. The ratio from the native unexposed sensor was set to an initial value of 1 for comparison purposes.

peptidyl acceptor construct (MW ~ 0.8 kDa) as com-
pared to that of a fluorescent protein (MW ~ 27 kDa)."®
Successful use of QDs functionalized with PEGylated
ligands also demonstrates that the QD PEG surface does
not sterically prevent protease binding and cleavage
of the substrate peptide while attached to the QD. Fur-
ther, this approach shows that comparable QD-based
sensing of caspase 3 can be achieved by coupling ac-
cessible peptide sequences and EDC chemistry in con-
trast to relying on recombinant engineering of a fluore-
cent protein substrate which also requires maturation
and purification prior to self-assembly on a QD.' The
use of PEG-carbodiimide reactive chemistry recently de-
veloped by Snee may be an excellent facilitator for this
approach, especially given the high conjugation yields
demonstrated with QDs.?

(a** Sensing Assay. The second messenger Ca®" has
numerous biological functions including signal trans-
duction, triggering neurotransmission or muscular con-
traction, ion channel regulation, blood clotting, skel-
etal physiology and hormonal signaling to name but a
few.** Understanding the role of Ca?* in these pathways
requires sensitive and specific sensors capable of moni-

\\&) VOL. 4 = NO.9 = PRASUHN ET AL.

toring rapid changes in Ca** concentration in a variety
of physiological environments.* The specific recogni-
tion and sensing element within the QD peptide 2 con-
jugate is the CaRbCl dye acceptor whose pendant car-
boxyls interact with Ca?* while simultaneously altering
the dyes optical properties. We began by similarly char-
acterizing the changes in intra-assembly FRET as an in-
creasing number of CaRbCl-labeled peptide 2 are at-
tached to QDs via metal-affinity self-assembly. The
representative data in Figure 4A show spectra where
580 nm emitting QDs made soluble with DHLA were as-
sembled with between 0.5—3 peptides in five incre-
mental steps. Analogous to the results described above,
although a small range of acceptor peptide ratios are
used, data show changes in FRET E, which increases
from 35 to 80%, while acceptor sensitization appears
to plateau at ~20% in this case (Figure 4B). We attribute
the plateau effect noted here for both sensor assem-
blies to the finite amount of donor energy the QD can
provide and not to issues of dye photophysics. A center-
to-center QD-donor to dye-acceptor separation dis-
tance r of ~56 A is derived from this data, reflecting
the slightly larger QD size used in conjunction with the

www.acsnano.org



longer peptide sequence and the presence of connect-
ing spacers on both the peptide and dyes; see sche-
matic in Figure TA. A relatively good match between
FRET E and corrected E is also seen within this data.
Inspection of this and similar FRET titration data col-
lected using these conjugates led to utilization of a QD
construct with a valence of two peptide 2-CaRbCl per
QD for sensing assays. This allows for significant
changes in donor/acceptor PL ratios upon Ca?" bind-
ing. Stock concentrations of 580 nm QD-peptide
2-CaRbCl were self-assembled and individual samples
aliquoted at concentrations of 0.14 wM QD. Samples
were mixed with increasing concentrations of Ca2*
ranging from 2 up to 250 wM and resulting changes in
emission monitored. As CaRbCl PL increases with in-
creasing Ca?", we utilized changes in the ratio of CaR-
bCl acceptor area/QD donor area versus [Ca?*] to pro-
duce a binding curve and fitting of the assay data
derived an apparent dissociation constant Ky of 24.2 +
1.5 .M with a limit of detection (LOD) of ~2 uM, see
Figure 4C. The LOD is defined as a signal-to-noise ratio
that is greater than 1 plus 3 times the standard devia-
tion of the blank or zero sample. Exposure of QD only
controls to the same concentrations of Ca?* did not sig-
nificantly alter PL (data not shown). This value is compa-
rable to the Ky of 30.3 = 2.6 wM previously reported
for sensing with the CaRbCl dye alone and indicates
that dye-attachment to a peptide and subsequent self-
assembly to a QD does not significantly alter its intrinsic
Ca?*-sensing properties.®? It should also be noted that
similar Ky values are derived even though all QD conju-
gate studies were done in deionized water as com-
pared to the buffered solutions originally mentioned
in Gaillard et al*? Those buffers contain nitrilotriacetic
acid (NTA), which we have noted can cause demineral-
ization and subsequent quenching of QDs when
present free in buffered solution (data not shown). In-
tracellular and physiological Ca?* concentrations can
range from low nM to high uM depending upon activ-
ity and context (such as a Ca?* flux) and, thus, sensors
with affinities throughout this range are applicable.*
Assembling the same peptide 2-CaRbCl onto 580 nm
emitting QDs functionalized with a DHLA-PEG;5,-OMe
surface also produced increasing FRET, which tracked
peptide valence, however, Ca?* addition did not result
in any significant changes in CaRbCl acceptor/QD donor
area ratios (data not shown). We speculate that the
longer PEGylated ligands on the QD surface may steri-
cally block Ca?* binding to the indicator dye or alterna-
tively its structural rearrangement upon binding. Fur-
ther experiments with different ligand structures are
planned to investigate this issue. We hypothesize that
signal transduction in this configuration originates from
a Ca?*-dependent change in the radiative rate of CaR-
bCl dye rather than a change in FRET efficiency. Sup-
porting this, no changes were noted when monitoring
peptide 2-CaRbCl absorption during exposure to the
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same Ca?" concentrations in the absence of QDs (data
not shown). However, the assembly is primarily “driven”
by QD FRET sensitization (CaRbCl has only ~10% ab-
sorption at the 350 nm used for excitation) and func-
tions in a manner similar to that described for a QD-dye
labeled maltose binding protein sugar sensor where al-
losteric changes in the protein structure upon target
binding altered dye emission.*

We were also interested in evaluating how the QD-
calcium sensor would respond to the presence of other
ions in significant concentrations, as this could be pre-
dictive of eventual in vivo applicability and cross-
reactivity. We thus tested the QD sensor construct
against Mg?*, Na*, and K™ ions, as these are most com-
mon to cellular environments, along with Ba?>* and
Mn?" as control ions with similar valence states. Figure
4D plots the data from exposing sensors at the same va-
lence of two CaRbCl-acceptor labeled peptides per QD
to 100 wM of each ion species. This ion concentration
was chosen as it represents more than four times the
apparent sensor Ky for Ca*. For direct comparison, the
ratios of acceptor/donor area were normalized with the
native unexposed sensor ratio set to a value of 1. Cal-
cium ions elicit the greatest change with a ratio of 1.6
+ 0.13 followed by Ba** and Mg?* with ratios around
1.2 £ 0.2, Mn?* at 1.1 = 0.15, Na™ with 1.05 = 0.15, and
finally K™ with a value almost identical to the unex-
posed sensor. Clearly, the CaRbCl indicator specificity
for Ca2" is retained in the QD conjugate assembly. Al-
though Ba?" triggers a strong response, this ion is not
normally present biologically at high concentrations,
while Na*™ and K*, which are ubiquitous to biological
environments, elicit the smallest sensor responses, re-
spectively, suggesting that sensing may be possible in
standard phosphate/saline buffers. Exposing QD con-
trols lacking the peptide 2-CaRbCl sensing portion to
the same ions did not result in any significant gain or
loss of PL (data not shown).

Overall, the CuAAC reaction is a rather attractive bio-
conjugation method due to its intrinsic orthogonality
to almost all other functional groups commonly found
on biological molecules and has already been success-
fully implemented in a variety of applications.”’ * Yet,
there are no reports applying this chemistry for direct
QD particle functionalization, that is, attachment to
pendant QD surface groups in situ. Initial experiments
revealed that Cu?* significantly and, at times, irrevers-
ibly quenched the emission of DHLA or DHLA-PEG-
capped QDs utilized, even at concentrations as low as
10 wM (data not shown). The current consensus is that
Cu?" and other similar metals interact with the QDs cre-
ating surface trap states. Indeed, Chen and Rosenz-
weig exploited this quenching phenomenon to create
QD sensors for a variety of ions, including Ca?* and
other species that interact with the QD surface.*® Thus,
for many QD systems, this ligation method is not ideal
for direct surface functionalization, but would still be vi-
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able as a secondary chemistry independent of the QD,
as presented here. Removal of all copper ions from con-
jugate samples before QD interactions, however, still re-
mains an essential preparatory step. The recent devel-
opment of copper-free [3 + 2] azide—alkyne
cycloaddition chemistry based on strained cyclooctyne
groups may represent a possible alternative solution to
this issue.”’

CONCLUSIONS

Here we combine dye-labeled modular peptide se-
quences with QDs to create composite sensors target-
ing either enzymatic proteolysis or ionic presence. This
work extends the concepts outlined in our previous re-
port where we directly engineered fluorescent proteins
or utilized peptide sequences and modular chemistry
for assembling QD-based proteolytic substrates along
with cellular or DNA hybridization array labels.'>?452 We
incorporate both standard maleimide labeling along
with CuAAC to attach dyes to the peptides during the
initial labeling. We also demonstrate both EDC and self-
assembly to attach the peptides to either the QD
ligands or surface, respectively. Despite these differ-
ences, we are still able to control discrete QD acceptor
ratio which is the critical element allowing us to convert
changes in FRET E or emission to quantitative kinetic re-
sults. Although both sensors incorporate FRET-based
modalities, we show monitoring of quite disparate pro-
cesses, that is, Ca-binding versus enzymatic proteolysis.
We also highlight the steps common to each chemistry

MATERIALS AND METHODS

Peptide Synthesis and Modification. Peptides 1 and 2 were pre-
pared using in situ neutralization cycles for Boc-solid-phase-
peptide synthesis (Boc-SPPS) on MBHA resin (4-
methylbenzhydrylamine) as described;?* see Figure 1 for se-
quences. 4-Pentynoic acid was coupled using 4-fold excess over
resin employing standard peptide coupling with a 4-fold excess
of 0.4 M 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU) solution and
6-fold excess of N,N-diispropylethylamine. All peptides were pu-
rified by HPLC and sequences confirmed by electrospray ioniza-
tion mass spectrometry (LC/MS API | Plus quadrupole MS, Sciex).
Prior to dye-modification reactions, the peptides were desalted
on oligonucleotide purification cartridges (OPC, Applied Biosys-
tems), dried in a DNA120 speed-vacuum (ThermoSavant), and
stored desiccated as a pellet at —20 °C as described in detail in
ref 13. Peptide 1, containing the SGDEVDSG caspase 3 cleavage
site, was labeled with excess of Texas Red C,-maleimide (Life
Technologies) fluorescent dye using standard thiol bioconjuga-
tion chemistry.* Labeled peptide was purified using mini Ni-NTA
agarose resin columns (Qiagen; Valencia, CA), desalted with an
OPC, quantitated using Texas Red absorbance (505 = 80,000 M~
cm™"), dried in the speed-vacuum, and stored at —20 °C.'* Azide-
modified CalciumRuby-Cl (CaRbCl) dye, structure shown in Fig-
ure 1, was synthesized as described in reference.3? Peptide 2 was
covalently labeled with the azido-CaRbCl using the Cu*-
catalyzed [3 + 2] azide—alkyne cycloaddition (CUAAC)
reaction.*>*% Briefly, stock solutions of 10 mM peptide 2 in
10% DMSO/H,0, 4.9 mM of CaRbCl in 0.1 M Tris buffer pH 8.0,
100 mM of CuSO, - H,0 in 0.1 M Tris buffer pH 8.0, and 100 mM
of ascorbic acid in 0.1 M Tris buffer pH 8.0 were prepared. Then,
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and suggest that the overall modular approach out-
lined here may allow for the design of similar sensing
assemblies targeting other more diverse processes, in-
cluding pH.>?

The use of QD FRET-based signal transduction may
provide access to optical properties, which are advanta-
geous in certain sensing scenarios. These include re-
moval of dye-bleaching issues commonly encountered
when using direct excitation formats and obviating the
need for joint incorporation of an internal standard flu-
orophore.>® The ability to excite the sensor at an accep-
tor's absorption minima, which would significantly re-
duce its direct excitation component, is important for
any FRET-based sensing. Additionally, use of QDs
uniquely allows control over the rate of FRET in the as-
sembly by simply altering the ratio of acceptor to donor
along with availability of multiphoton excitation of the
donor if required and the possibility for multiplex sens-
ing formats."#~611 Qverall, accumulating progress in en-
gineering QD-based sensors has shown access to simi-
lar or even better activities as compared to that of non-
nanoparticle designs.'®37>> This is important as the
next step will be applying these sensors in vivo both
within cellular and small animal models. It is especially
within these environments that the unique optical
properties of QDs may truly be exploited to allow the
correlation of complex spatiotemporal events. The abil-
ity to access several different chemistries that facilitate
the assembly of such sensors in a carefully controlled
manner will be an important part of their development.

reagents were assembled at a final concentration of 1.47 mM
CaRbCl, 1 mM peptide 2, 10 mM Cu?*, and 20 mM ascorbic acid,
using 0.1 M Tris buffer pH 8.0 to yield a total volume of 150 uL.
The mixture was reacted overnight at room temperature (~20 h)
and peptide 2-CaRubCl conjugate was purified using mini
Ni-NTA agarose resin columns and desalted with an OPC. Pep-
tide 2-CaRbCl was quantitated using CaRbCl absorbance (579 =
100,000 M~ cm™"),32 dried in the speed-vac, and stored at

—20 °Cuntil assembled on the QDs. Absorption spectra were col-
lected on an Agilent Technologies 8453 UV—visible spectro-
photometer (Santa Clara, CA). All other reagents were purchased
from Acros Organics or Sigma-Aldrich and used as received.

Quantum Dots. CdSe/ZnS core/shell QDs with emission maxima
centered at 550 or 580 nm were synthesized using standard or-
ganometallic chemistry and a mixture of organic ligands includ-
ing trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) and
hexadecylamine.®®*° The 580 nm emitting QDs were made
water-soluble by cap-exchanging with dihydrolipoic acid (DHLA),
while the 550 nm emitting QDs were cap-exchanged with a mix-
ture of 85:15 polyethylene glycol(PEG)-appended DHLA ligands
that terminated in either a methoxy or a carboxyl group, respec-
tively.> PEG with MW ~600 was utilized for the carboyxlated
ligands while PEG with MW ~750 was used with the methoxy
ligands (DHLA-PEGg,-COOH/DHLA-PEG750-OMe). See Figure 1B
for structures.

Assembling Peptide-Functionalized Quantum Dots. 550 nm emit-
ting QDs solubilized with the carboxy-ligands were co-
valently linked to Texas Red-labeled peptide 1 through
amide bond formation. A total of 1 nmol of QD sample in
phosphate buffered saline (137 mM NacCl, 10 mM phosphate,
2.7 mM KCl, pH 7.4, PBS) was activated with 50 pmol of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Pierce
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Biotechnology, Rockford, IL) and 2.5 wmol of
N-hydroxysulfosuccinimide (sulfo-NHS, Pierce) and then mixed
with increasing concentrations of the peptide ranging from
equimolar to ~30X molar excess added per reaction. Peptide-
labeled QDs were purified post-reaction using PD-10 gel perme-
ation columns and 0.1x PBS buffer (GE Healthcare, Piscataway
NJ). 580 nm emitting DHLA QDs were self-assembled with in-
creasing CaRubCl-peptide ratios. For FRET monitoring, peptide
2 was initially resuspended in 10% dimethyl sulfoxide (DM-
SO)/1X PBS buffer, then mixed with 580 nm emitting QDs at
the desired molar ratio of peptide 2-CaRbCl/QD and incubated
for ~30 min at room temperature. Samples of self-assembled
QDs were made fresh prior to use while the QD-peptide 1 conju-
gate were found to be stable at 4 °C for >1 month.

Forster Resonance Energy Transfer Analyses of Quantum Dot-Dye
Constructs. Fluorescence spectra were collected on a Tecan Safire
Dual Monochromator Multifunction Microtiter Plate Reader
(Durham, NC). For FRET studies, 100 p.L aliquots of individual QD-
conjugate reactions were transferred to polystyrene 96-well
microtiter plates with nonbinding surfaces (Corning, Corning,
NY) and excited at 350 nm. Individual spectra were deconvo-
luted using OriginLab (OriginLab Corp., Northampton, MA) or
SigmaPlot (Systat Software, San Jose, CA) by comparison to spec-
tra collected from the individual components alone to yield
separate QD and dye-acceptor emission profiles for each corre-
sponding peptide/QD ratio where appropriate. FRET efficiency E,
(n = number of dye-acceptors per QD) was determined using:

_(FDiFDA)
E,,—F—D (1)

where Fp and Fpa are the fluorescence intensities of the donor
in the absence and presence of acceptor(s), respectively.®® Data
from FRET efficiency was analyzed using Forster theory to deter-
mine the values for center-to-center (QD-to-dye) separation dis-
tance r using:

r = Ryn(1 — E)/E)"® )
where R, designates the Forster distance corresponding to 50%
energy transfer efficiency for a single donor—single acceptor
configuration.®’ Eq 2 is applicable to single QD/multi-peptide-
dye conjugates as it specifically incorporates the presence of
multiple acceptors centro-symmetrically arrayed around the QD
donor.®' To account for the effects of heterogeneity in conjugate
acceptor ratios resulting during self-assembly or EDC conjuga-
tion, in particular at low ratios with high FRET efficiencies, a Pois-
son distribution function p(N,n) was used."® FRET efficiency E
from Eq 2 is now derived as

-N
E= D p(N,nEn and p(N,n) = NS 3)

where n is the exact numbers of acceptors (valence) for conju-
gates with a nominal average valence of N.

Caspase 3 Proteolytic Assay. Caspase 3 proteolytic activity was as-
sayed in a manner similar to that described before.'>'82* 550
nm emitting QD covalently linked to increasing ratios of Texas
Red-labeled peptide 1 served to provide the calibration or stan-
dard curves. These were generated using the inverse ratio of the
Texas Red peak emission PL (~615 nm) to the QD peak PL (550
nm) for each valence of peptide 1/QD. Texas Red-labeled pep-
tide 1-QD substrates in 0.4X PBS pH 8.0 were aliquoted into 0.5
mL microcentrifuge tubes at concentrations ranging from 7.5 to
50 pmols of QD per reaction. Recombinant human caspase 3 en-
zyme (EC#3.4.22.56, activity =5.3 X 10° units/mg, Calbiochem,
San Diego, CA) was diluted in the same buffer to a stock concen-
tration of 3.25 units/pL, then 65 units were added to the reac-
tions to bring the QD-peptide substrate up to a final volume of
100 plL. Samples containing no enzyme were used as negative
controls. Reactions were incubated for 30 min at 30 °Cand 5 L
of a 7.5 mg/mL stock of a-iodoacetamide alkylating agent in
0.4X PBS pH 8.0 was added to halt the reaction. Samples were
transferred to a microtiter-well plate and emission spectra col-
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lected on the Tecan Safire for analysis. Calibration equations
(fits to the standard curve data) were used to correlate the
changes in FRET E observed after the reaction into the number
of Texas Red-labeled peptide 1 cleaved per QD during the assay
as described.'>'82* The Michaelis constant Ky and maximal veloc-
ity Vmax Were estimated using Michaelis—Menten formalism for
excess substrate reactions:'®182443

diPl _ VimalS]

V=__KM+[S] )

dt

where [S] is substrate, [P] is product (cleaved peptide), and t is
time. The data in Figure 3C were fitted using a one-site satura-
tion ligand binding curve in SigmaPlot, version 9 (Systat Soft-
ware; San Jose, CA).

Ca’* Sensing Assay. Stock solutions of 1 LM 580 nm emitting
DHLA QD in Milli-Q deionized (DI) H,0, 5 .M peptide 2-CaRbCl
in DI H,0, and 500 uM CaCl, - 2H,0 in DI H,0 were initially pre-
pared. Peptide 2-CaRbCl was self-assembled to QDs (as de-
scribed) at a ratio of two conjugates per QD and then supple-
mented with Ca?* ranging in concentration from 0 to 250 uM
following the protocol described in ref 32. After ~30 min incuba-
tion, samples were excited at 350 nm, and emission spectra
were collected and deconvoluted to yield the individual QD do-
nor and peptide 2-CaRbCl acceptor emission profiles. Each curve
was integrated and the ratio of acceptor area/donor area calcu-
lated for each [Ca**] point to generate a binding curve. Fitting
the curve with a Hill function in SigmaPlot derived the apparent
dissociation constant (Ky) for this system.3? A similar procedure
was used for assaying BaCl, - 2H,0, MnCl, - 4H,0, MgCl,, NaCl,
and KCl salt effects on the sensor. For comparison purposes, the
ratios of acceptor/donor area were normalized with the native
unexposed sensor ratio set to a value of 1.
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