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ABSTRACT:

We explored the effects of changing the separation distance on the charge transfer
interactions between luminescent QD and proximal dopamine (in QD-dopamine assemblies),
and the ensuing photoluminescence quenching. The separation distance was controlled using a
tunable size bridge between the QD and dopamine via a poly (ethylene glycol) (PEG) chain
where the average number of monomers was discretely varied. Using steady-state and time-
resolved fluorescence measurements, we found that the photoluminescence losses were
substantially more pronounced for QD-dopamine complexes prepared with the shortest PEG
bridge, but progressively decreased with increasing PEG size. We also found that the charge
transfer interactions can be affected by the nature of capping ligand used. In particular, we
found that interactions and PL quenching in these assemblies tracked the effects of separation
distance, conjugate valence and the energy mismatch between the dopamine redox levels and
QD energy levels, when a compact zwitterion was used to control the conjugate configuration.
However, additional effects of shielding the access of reactive dopamine to amine groups on
the QD surface, when a longer inert PEG ligand was used, were found to produce
heterogeneous conjugates, alter the interactions and produce weaker PL quenching.

E-mail: mattoussi@chem.fsu.edu
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INTRODUCTION:

Semiconductor quantum dots (QDs) possess several unique electronic and optical
properties with size- and composition-tunable excitation and emission spectra.’™ Colloidal
CdSe-ZnS core-shell QDs, for example, exhibit a remarkable resistance to photo- and chemical
degradation, and they have large absorption cross-section combined with narrow emission
profiles that span the visible spectrum.s'9 These nanocrystals have large surface-to-volume ratio
with a large fraction of their atoms arrayed at the surfaces. They are stabilized with capping
molecules, which can be modified, allowing one to disperse them in various solution media.
These capping molecules provide electronic passivation of the surface. The photoemission
properties of these materials can be highly sensitive to the nature of the surface ligand and/or

10-15

to interactions with proximal dyes, redox complexes and certain metal ions. As a result,

they offer excellent platforms for developing sensors based on energy transfer and/or charge

transfer interactions.’>*

Moreover, these systems offer great flexibility as control over the
number of dyes and/or complexes brought in close proximity to the QD surface can be
achieved. Combined with the ability to tune the particle size, separation distance and spectral
overlap, QD-conjugated to fluorescent dyes (or proteins) and redox-active complexes provide a
rich and challenging system to investigate and understand.

Over the past decade, several studies focusing on the fabrication of hybrid QD-
assemblies where control over separation distance and conjugate architecture have been

d."® 2922 |n one example, David and co-workers probed the distance-dependent electron

reporte
transfer between CdS QDs and TiO, nanoparticles coupled through the use of bifunctional
mercaptoalkanoic acid bridges with varying alkyl chain Iengths.21 They attributed the measured
changes in the QD spectroscopic properties to electron transfer from photoexcited CdS QDs to
the linked TiO, nanoparticles.21 They found that the electron transfer efficiency decreased
dramatically with increasing alkyl chain length (due to increased interparticle separation). In
another example, Zhao and co-workers explored the use of CdSe-ZnS QDs coupled to gold
nanoparticles via a complementary oligonucleotide sequences to investigate the distance
dependence of metal-enhanced QD fluorescence in QD-DNA-Au assemblies.”® The assemblies

were constructed by linking QDs to gold nanoparticles through complementary oligonucleotide

sequences of varying size. They reported that ~2.5 enhancement in the QD emission for

2
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separation distance of ~12 nm.? In a third example, we have probed the PL quenching of CdSe-
ZnS QDs conjugated to fluorescent gold nanoclusters in buffer media,* where we tested the
effects of varying the spectral overlap and separation distance on the QD photoluminescence.
In particular, we measured strong PL loss but no enhancement in the cluster emission.
Dopamine is a neurotransmitter that plays a significant role in the brain activity and

behavior.?42®

It transmits information from one neuron to the next through chemical signals,
and is closely associated with reward-seeking behaviors (e.g., addiction); drastic changes in
dopamine levels are associated with dysfunctions of the nervous system (e.g., low dopamine
levels are measured for patient with Parkinson’s disease).”’

Interactions of dopamine and its derivatives with luminescent QDs have been explored
by several groups, due to the complex redox interactions and potential relevance in biology.>*>?
QD-dopamine complexes also provide a great platform for investigating the charge transfer
interactions where control over the energy mismatch between the QD conduction and valence
bands and dopamine oxidation potentials, as well as the valence of the conjugate can be

32,33
d.

realize For instance, we have previously explored the effects of tuning the redox coupling

in hybrid assemblies by varying the pH of the buffer and QD size on the nature of the redox
interactions and the ensuing changes in the QD optical and spectroscopic properties.32'34

In this report we investigate the effects of varying the separation distance on the
efficiency of charge transfer (CT) interactions in QD-dopamine conjugates using steady-state
and time-resolved fluorescence measurements. The separation distance is tuned via a
polyethylene glycol (PEG) bridge with varying chain length, namely PEG,q9, PEG400, PEGgoo and
PEGig00. The PEG bridge (part of the surface capping ligand) is sandwiched between a
dihydrolipoic acid anchoring group and a terminal amine used for attaching the redox active
dopamine (see Figure 1). The conjugate design is further combined with mixed ligand exchange
to control the number of reactive groups per QD and the nature of the inert ligand used (a
terminally-inert PEG50 vs a compact zwitterion). We measured a PL quenching efficiency that
closely tracked the conjugate valence, but more importantly strongly depended on the size of
the PEG bridge used. Moreover, we found that the nature of the inert ligands used in the

mixed surface cap affects the rate of charge transfer and the resulting PL quenching. For

instance, we found that when the inert ligand was switched from a zwitterion-modified
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dihydrolipoic acid (DHLA-ZW) to PEG759-OMe-appended dihydrolipoic acid (DHLA-PEG750-OMe)
the larger PEG moieties shielded the access of dopamine to the amine groups on the QD

surface, weakening the CT transfer interactions and producing lower PL quenching.

RESULTS AND DISCUSSIONS

Conjugate Design and Control of the QD-to-dopamine Separation Distance

Our conjugate design combines the use of mixed ligand exchange and lipoic acid appended with
polyethyelene glycol moieties as means to control the separation distance between the QD and
dopamine as well as the number of dopamines per conjugate. It also provides a symmetric
conjugate made of several redox groups positioned at the same distance from the QD center.
We carried out ligand exchange on the QDs using a mixture of 95% inert ligands and 5% DHLA-
PEG-amine ligands having varying PEG bridges, PEG;q0 (3 EG units), PEG4g0 (8 EG units), PEGggo
(12 EG units), and PEGggo (20 EG units). We also used two sets of inert ligands: DHLA-ZW

Page 4 of 23

(molecular scale) and DHLA-PEG;5,-OMe (a short oligomer). The QDs capped with mixtures of 5%
750 g pp

DHLA-PEG-NH, and 95% DHLA-PEG50-OCH3 will be referred to as EG/amine-PEG-QDs, while
those prepared using a mixture of 5% DHLA-PEG-NH; and 95% DHLA-ZW will be referred to as
ZW/amine-PEG-QDs. QDs prepared with 100% DHLA-PEG75,-OMe or 100% DHLA-ZW, referred
to as neutral (i.e., non-reactive), were used for control experiments. Following phase transfer to
water media, the nanocrystals were covalently coupled to dopamine-isothiocyanate
(dopamine-ITC), via amine-to-ITC reaction, using molar excess of dopamine-ITC.** In addition,
by varying the nature and size of the inert ligand (which represents 95% of the total surface cap)
from DHLA-ZW to DHLA-PEG;50-OMe we were able to investigate how the effects of shielding
dopamine-ITC access to the amine groups on the QD surfaces can affect the PL quenching.
Here, we anticipated that using DHLA-PEG750-OMe as the inert ligand would shield access of the
dopamine-ITC to the amine groups on the QD surface, thus reducing the redox coupling
efficiency and the ensuing changes in the QD PL. In contrast, the more compact DHLA-ZW
ligand would permit easier access of dopamine-ITC to the QD surface, resulting in stronger
interactions and higher quenching (see Figure 1). We should emphasize that coupling of the

dopamine to the QDs is specifically driven by the reaction of ITC with the amine groups present
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on the PEG coating.*® Physisorption and/or non-specific stickiness on the nanocrystal surfaces
are negligible, given the nature of the polyethylene glycol capping shell used, and as verified

using control dispersions made of 100% methoxy-PEG-capped Qps. >

Steady-State and Time-resolved Fluorescence Measurements

1. QD-dopamine Conjugates Prepared with ZW/amine-PEG-QDs

Figure 2a-d shows representative PL spectra collected from several dispersions of red-emitting
QD-dopamine conjugates prepared using various PEG bridges: ZW/amine-PEG1p00-QDs (2a),
ZW/amine-PEGgu-QDs (2b), ZW/amine-PEG40-QDs (2c) and ZW/amine-PEG,00-QDs (2d). The
data show that a progressive PL loss is measured when the dopamine-ITC molar concentration
is increased for all sets of QD-dopamine assemblies studied, an observation that is fully

20, 30, 33, 35
For

consistent with previous findings on QD-dye and QD-redox-complex assemblies.
the same set of QDs, the PL losses were largest for the shortest PEG bridge (PEG,q) and
deceased with increasing PEG size to reach their lowest values measured for the PEGggpo.
Furthermore, substantially larger PL losses were measured for the conjugates prepared using
yellow-emitting QDs compared to their red-emitting counterparts (see Figure 2e-f). The PL
guenching efficiency, E, data shown in Figure 2e-f were extracted from the steady-state
fluorescence data, using the expression, E = 1 - Fpa/Fp, Where Fpy and Fp designate the PL
intensity measured for dispersions of QD—dopamine conjugates and QDs alone (control,
without dopamine complexes), respectively. Images from selected dispersions of these
conjugates under UV illumination, shown in Figure 2g-h, provide a visual confirmation of the
effects of varying the separation distance (and valence) on the degree of PL losses. In particular,

dispersions of yellow-emitting QDs prepared with PEG;qo bridge exhibits a near total quenching

of the emission at all dopamine-to-QD ratios used.

The data on the quenching efficiency shown in Figure 2e and 2f indicate that the overall

trend can be fit using an expression of the form:*
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a'C
e (1)

a'Cyy +K

where o' and K’ are parameters that depend on the relative alignment of the redox levels of the
dopamine with respect to the energy levels of the QD and the separation distance, respectively.
Such expression is consistent with a configuration where each conjugate is made of a central
QD surrounded by several dopamines positioned at a fixed average separation distance, r, from
the QD center (i.e., centro-symmetric conjugate, see Figure 1). The above behavior is consistent

with the predicted expression for the dependence of E vs. valence, n, given by:** 33

n
P
an+K

(2)

Here o, K are directly related (proportional) to o’ and K’, respectively.®® The conversion from
equation 1 (for E vs Cqyop) to equation 2 (for E vs n) is permitted by the fact that the number of
coupled dopamines per QD in the final assemblies is expected to be proportional to the
concentration of dopamine-ITC used in the reaction; amine-to-ITC coupling obeys the first-
order bimolecular reaction.?® We should also note that heterogeneity in the conjugate valence
is an intrinsic property of QD-conjugates, and ideally should be taken into account when
analyzing the dependence of the quenching efficiency on the dopamine-to-QD ratio (valence,
n). In such case accounting for the heterogeneity is achieved using the Poisson statistics and
fitting the quenching data using an equation of the form:*’

' N
EN) = > p(N,n)E()  with p(N,n)=N" eT 3)

where N is the average dopamine-to-QD ratio used and n is the exact number of dopamine
groups attached to a single QD. The Poisson distribution function, p(N,n), accounts for
heterogeneity in the conjugate valence, and E(n) is given by equation 2 above.®” We have
found that fitting the quenching data using equation 3 (after converting the concentration
dependence to valence dependence) provides minimal improvement in the data fit for the set
of conjugates prepared using ZW/amine-PEG-QDs. Thus, fitting the data compiled in Figure 2e-f

using equation 1 yields values for K’/o’ that depend on the bridge size and the QD size (band

6
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gap), with K’/o' = 69.4 (PEG1000), 43.4 (PEGeo), 32.3 (PEGago) and 9.7 (PEG;qo) for red-emitting
ZW/amine-PEG-QD-dopamine conjugates; similarly we extracted values that are consistently
smaller for the set of yellow-emitting ZW/amine-PEG-QD-conjugates: K’'/a’= 20.7, 10.8, 9.0 and
3.8, respectively. These findings clearly indicate that the quenching efficiencies are larger for
smaller size QDs (those with wider band gap), due to a larger energy mismatch with the redox

levels of dopamine.

The above steady-state data were further supported and complemented by time-
resolved fluorescence measurements, where faster PL decays (indicative of a shortening in the
QD PL lifetime) were observed for dispersions of QD-assemblies with increasing valences
compared to the control sample (Cyop = 0) (see Figures 3 and S3). Moreover, shorter lifetimes
were measured for the smaller size QDs and shorter PEG bridges. The above time-resolved PL

data can be used to extract estimates for the charge-transfer rate constant (kcr), defined as:*®*®

39

keg=—"—— (4)

DA D

Table 1 summarizes the experimental values for the yellow and red-emitting QD-dopamine
conjugates prepared with various size PEG bridges and with a nominal dopamine-ITC:amine
ratio of 7.5:1. There is a pronounced increase in kcr from 5.92 x 10’ s for PEG1goo to 5.43 x 10®
s for PEGy (i.e., nearly a 10-fold increase) measured for yellow-emitting QD-dopamine
conjugates prepared using ZW/amine-PEG-QDs. In comparison, a less pronounced increase in
the transfer rate constant was measured for conjugates prepared with the red-emitting QDs.
This confirms that the charge transfer interactions are also strongly affected by the QD size, in
addition to the separation distance. The yellow-emitting (smaller radius) QDs have a larger
band gap and provide more favorable mismatch in the energy levels between nanocrystal and

dopamines, promoting more efficient charge transfer interactions.

Table 1. Experimental values for the charge-transfer rate constant (k¢r) for all four sets of yellow and
red-emitting QD-dopamine conjugates prepared using ZW/amine-PEG-QDs extracted from the TR
fluorescence data. The conjugates were prepared with a nominal dopamine-ITC:amine ratio of 7.5:1 in
DI water.
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Yellow QDs; Aer/max = 573 nm Red QDs; Aer/max= 610 nm
Bridges Tp (ns) Toa (NS) ker (s™) Tp (ns) Toa (NS) ker (s7)
DHLA-PEG;g00-NH, 20.01 9.16 5.92 x 10’ 19.78 16.07 1.17 x 10’
DHLA-PEGg-NH, 20.20 4.81 1.58 x 10° 20.44 13.00 2.80x 10’
DHLA-PEG,0o-NH, 21.00 3.46 2.41x10° 22.45 11.38 4.33x 10’
DHLA-PEG,0o-NH, 20.38 1.69 5.43 x 10® 22.65 8.18 7.81x 10’

2. QD-dopamine Conjugates Prepared with EG/amine-PEG-QDs

Figure 4a shows plots of the PL quenching efficiencies (E vs Cqop) at the various PEG
bridges for conjugates prepared using PEG;50—methoxy as the inert ligand in the mixed surface
design, together with fits using equation 1; yellow-emitting QD-conjugates are shown. The data
show that there is a reasonable agreement between the PL quenching efficiencies measured for
the present set and those shown in Figure 2f above for the larger size bridges (PEG1000, PEGe0o
and PEGyq), even though, the values measured for the EG/amine-PEG-QDs are consistently
smaller than those measured for ZW/amine-PEG-QDs shown in Figure 2f. However, the data
collected from dispersions of conjugates prepared with the shortest PEG bridge (PEG;q) exhibit
a rather unusual behavior with smaller measured quenching efficiencies that level off at higher
Caop- We also found that fitting the corresponding PL quenching data using equation 1 does not
provide a good agreement with the data for PEG,qo (see dashed line in Figure 4a). We attribute
this difference to the effects of shielding the dopamine-ITC access to the amine groups on QD
surface when a full size PEGysg is used as the inert ligands, which may produce smaller number
of dopamine per conjugate and more heterogeneous valence. Such screening affects all sets of
the QD-dopamine conjugates regardless of the bridge size. However, they would be more
pronounced for the smaller PEG bridges, in particular for PEG,p. We take into account the
effects of heterogeneity in the conjugate valence for EG/amine-PEG,0-QDs conjugates using
Poisson correction (equation 3). Clearly, such correction provides a better fit for the quenching
efficiency data as shown in Figure 4b (solid red line). No sensible improvement could be
measured when fitting the other data shown in Figure 4b. Additional data on the steady-state
and time-resolved fluorescence spectra of EG/amine-PEG-QD-conjugates dispersions are

provided in the Supporting Information (Figures S4 and S5).
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Discussion and Mechanism for the QD Emission Quenching

There are three major findings that can be highlighted from our measurements: 1) The PL
guenching efficiency strongly depends on the PEG bridge size (i.e., separation distance)
between QDs and proximal dopamine, with higher efficiencies measured for QD-dopamine
conjugates assembled with a shorter PEG moiety, and vice versa. In addition, for a given PEG
size the efficiency tracks the conjugate valence. 2) We measured larger quenching efficiencies
for the yellow-emitting QDs (smaller size) compared with their red-emitting (larger size)
counterparts when the same size bridge was used. 3) The QD PL losses also depend on the type
of mixed ligands used. By changing the size and the nature of the inert ligand, we were able to
explore the effects of ligands shielding on the dopamine-ITC-to-amine coupling reaction and
measured quenching efficiency. For instance, using mixed surface QDs prepared with 95%
zwitterion promoted better access of the dopamine-ITC to the amine groups compared to the
case where larger PEG;50-methoxy were used.

We now discuss the above findings within the framework of charge transfer interactions
between dopamine and photoexcited QDs. We have previously shown that in these assemblies
a photoexcited QD interacts with two distinct species (the reduced catechol and the oxidized
qguinone) that coexist within the same conjugate, with: 1) electron transfer from the catechol to
the valence band of the QD; and 2) electron transfer from conduction band of the QD to the
oxidized quinone. These CT pathways are strongly affected by the medium pH, and combined

they alter the electron-hole recombination, resulting in PL quenching of the QD.**3*

Here, we
analyze the effects of varying the separation distance on the charge transfer interaction, by
maintaining a fixed pH (at ~ pH 6.5) and valence. At this pH we estimate, based on the
Henderson-Hasselbalch relation (pH = pKa - logyo [catechol/quinone]) that the catechol-to-
quinone molar ratio in the dispersion is ~1000-to-1; we used pKa = 9.3 for this estimate. *° This
implies that within the present conditions, pathway 1 plays a dominant role in the charge
transfer interactions in QD-dopamine conjugates. We thus limit our analysis to interactions
involving electron transfer (ET) from the catechol groups to the valence band of a photoexcited

QD (i.e., ket = ker, see Figure 5a). We would like to stress that potential contribution of defects

in the ZnS shell to the CT interactions between the dopamine and QDs are not at the origin of
9
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the differences in PL changes measured for the two sets of QDs. The overall thickness of the
ZnS shell is similar for both sets and the separation distances used account for all relevant
contributions (core-shell radius and ligand structure, see below). The measured differences are
mainly due changes in the energy mismatch between the QDs and proximal redox complex as
discussed in our recent report.3’4

To exploit the data on the quenching efficiency and extract a correlation between ET
interactions and the separation distance, we first develop an estimate for the PEG size using the
concept of excluded volume interactions developed by Flory for flexible polymers in good
solvent conditions.”* Indeed, polyethylene glycol is a flexible polymer highly compatible with
water. In good solvent conditions, a polymer chain exhibit a coil like conformation, due to a
balance between the excluded-volume interactions, which tend to expand its random
configuration, and elastic restoring forces, which reduce its 3-dimensional expansion (swelling).

The resulting end-to-end distance, R;, for the PEG chain can be given by:****

3

R, =a(M)* (5)

Here, a and M respectively designate the monomer size (3.5 A for an ethylene glycol), and the
number of repeat units per chain. The corresponding size for the various PEG bridges used,
along with corresponding center-to-center separation distance, r, anticipated for the yellow

and red-emitting QD-dopamine conjugates are compiled in Table 2.

Table 2. Size for PEG bridges along with center-to-center separation distance extracted from
conformation consideration detailed in the text.

Page 10 of 23

Ligands Repeat R¢ (A) Center-to-center Distance*, r (A)
onit Yellow-emitting | Red-emitting
QDs QDs
DHLA-PEG,00-NH, 3 6.8 47.8 53.8
DHLA-PEG,00-NH, 8 12.2 53.2 59.2
Reactive Ligands | | A-PEGgoo-NH, 12 15.5 56.5 62.5
DHLA-PEGg00-NH, 20 21.1 62.1 68.1
Non-reactive Ligand | DHLA-PEG;5,-OME 15 17.8 55.8 61.8

10
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*The center-to-center separation distance (r) was estimated by combing the QD radius, the PEG size
based on the Flory excluded volume calculation and the size of the DHLA group and the ITC linker.

We now correlate the experimental charge transfer rates extracted from the fluorescence
data shown in Table 1 to the theoretical model of electron-transfer between two states
developed by Marcus in 1956.*  This theory has been successfully used to describe
photoinduced electron transfer processes for an array of systems, and more recently to
describe the electron transfer interactions between semiconductor QDs (as donor) and metal
oxide nanoparticles and/or redox molecules (as acceptors) by Kamat and co-workers and Lian
and co-workers.***

Within this description, the electron transfer rate from a single donor state (here a

catechol) to a continuum of acceptor states (such as the valence band of the QD) can be

expressed as:

9 (46+2%)
2z H ol 4T

kg = —— 6
T h Jamak,T ©)

where kg is Boltzmann constant, h is Planck’s constant, and e is the elementary charge. AG is
the change in the free energy of the system (associated with energy level mismatch between
the donor and acceptor and is independent of the bridge size), A is the system reorganization
energy and H is the electronic coupling strength between donor and acceptor states. This
parameter H accounts for the dependence of Kgr on the separation distance. Thus, the only
variable parameter in the across the bridge charge transfer interactions between the catechols
and the valence band for a given size QDs is the electronic coupling strength (H); H is predicted

to exponentially vary with the separation distance (see Figure 5b):*?

H2 = H %" (7)

Here H’is an electronic factor, r is the center-to-center distance, and f is a constant that
primarily depends on the nature of the bridge molecule. Examples of f values reported in the
literature include B = 1.0-1.4 A™ for ET in proteins, f = 0.8-1.0 A" for ET in saturated

50, 52

hydrocarbon bridges and f=0.7-1.3 A for ET in polyproline. The expression for kgt can be

11
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further simplified for a given set of QD-dopamine assemblies where all the parameters are fixed

except the electronic coupling H” to yield:

In(kg ) =—pr +k, (8)

where kg is a prefactor that depends on the relative alighnment of redox levels of the dopamine
with respect to the energy levels of the QD (AG). Figure 5c shows a plot of In (kg7) vs r, using
the data shown in Table 1 and 2 for the conjugates prepared with the yellow- and red-emitting
QDs. A linear dependency is observed in both cases, in agreement with the predicted behavior
from equation 8, confirming that the Marcus model for the ET process in these assemblies is
valid. We further extracted values for # = 0.15 and 0.13 A™ for the yellow- and red-emitting
ZW/amine-PEG-QD-conjugates, respectively. Conversely, larger K, value is extracted for the
yellow QD-conjugates (ko = 27.5) than for red QD-conjugates (ko = 25.3). The two main features
that emerge from the above analysis are: (1) The values for B are comparable for both sets of
QDs, which is anticipated for these assemblies, since the same PEG moieties were used as the
bridge molecule. (2) The higher intercept for the yellow-emitting QD-conjugates results from
the larger energy mismatch (essentially larger AG between the oxidation potential of the

catechol and valence band of the QDs).

Conclusion

We have investigated the distance-dependence charge transfer interactions that take place
in assemblies of QD-dopamine conjugates coupled via a poly (ethylene glycol) (PEG) chain with
varying size. The QD PL quenching efficiency as verified by steady-state and time-resolved
fluorescence measurements is found to strongly depend on the PEG bridges used, with
substantially more pronounced PL losses measured for shorter separation distance and vice
versa. We were able to successfully correlate the electron transfer rates, ke, extracted from the
fluorescence data, to the Marcus electron transfer model. A clearly-defined exponential

dependence of the charge transfer rate on the separation distance is measured for the two sets

12
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of QDs. In addition to the effects of separation distance, we found that changing the QD size
also affects the measured PL quenching.

We further explored the effects of shielding on the conjugate formation and the ensuing
PL losses by comparing data collected using QDs prepared with a compact zwitterion ligands (as
the majority inert cap) to those collected from assemblies prepared with a longer inert PEG.
We found that PEG coating (larger) shields dopamine access to the reactive amine, resulting in
more heterogeneous conjugates and weaker PL quenching. QD-dopamine conjugates prepared
with tunable PEG bridges provide promising platforms for constructing biosensors that exploit
the unique redox characteristics of dopamine, the size-tunable spectroscopic properties of the
QDs and the flexibility afforded by a varying size inert PEG bridge. Such QD-dopamine
conjugates assembled via a tunable size PEG bridge, a controllable valence, while using a
zwitterion-capped QDs are also greatly promising for use in intracellular sensing and imaging.
One promising idea worth pursuing is to use the recognition specificity of dopamine to certain
metals ions and the cysteine amino acid to assemble specific biological sensors for in vitro

and/or in vivo studies.”*>>

Acknowledgments. The authors thank FSU, the National Science Foundation (Grant No.
1058957) and Pfizer for financial support.

Supporting Information Available. Additional experimental details on the experimental set up,
data analysis, QD growth, ligand synthesis, ligand exchange, and coupling reaction and
conjugate purification are provided. Information is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 1. (a) Stacked 'H NMR spectra collected from LA-PEG-NH, ligands with variable PEG size. A
pronounced peak at ~3.5 ppm was attributed to the protons in the PEG chain. The spectra were
collected from ligands dissolved in DMSO. The sharp peak at ~2.5, denoted by *, is due DMSO in the
medium. The plots show that the intensity of the proton peak from PEG moiety increases with the
average number of repeat PEG units per ligand. (b) Schematic representation of QD-dopamine
conjugate assembly prepared using 5% DHLA-PEG40-NH, mixed with either 95% DHLA-ZW, or DHLA-
PEG;so-methoxy. The insets represent changes in the PL emission.
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Figure 2. (a-d) PL spectra collected from ZW/amine-PEG-QD-dopamine conjugates dispersed in DI water
(at pH ~6.5) for increasing molar concentrations of dopamine-ITC and varying bridge size: (a) PEG1gqo, (b)
PEGgoo, (€) PEG4y and (d) PEG,q; red-emitting QDs were used. (e) Cumulative plots of the quenching
efficiency, E, versus Cy,, for the above four sets of red-emitting ZW/amine-PEG-QDs. (f) Cumulative plots
for E versus Cy, for conjugates prepared with the vyellow-emitting ZW/amine-PEG-QDs. (g-h)
Fluorescence images of selected dispersions of red- and yellow-emitting QD-dopamine conjugates under

UV illumination.
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Figure 3. Normalized time-resolved PL decay profiles for the conjugates prepared using red-emitting

ZW/amine-PEG-QDs with increasing concentration of dopamine-ITC (top to bottom: 0, 22, 45, 90, 180

MM ) for (a) PEG1g00, (b) PEGgoo, () PEGago and (d) PEGqo.
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Figure 4. (a) Plots of the quenching efficiencies (E vs Cqop) for the various PEG bridges collected from QD-
dopamine conjugates prepared using yellow-emitting EG/amine-PEG-QDs along with fits using equation
1 but without accounting for the conjugate heterogeneity. (b) Plots of E vs valence n together with fits
using eq 2, for PEGugo/e00/1000 and fit to eq 3 (accounting for the Poisson correction, dashed line) for
PEG,p. (c) Images of selected dispersions of yellow-emitting QD-dopamine conjugates prepared using
EG/amine-PEG-QDs under UV illumination.
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Figure 5. (A) Schematic representation of dominant charge transfer interaction pathway between QDs
and proximal dopamine in DI water. The redox levels of dopamine at pH 6.5 were extracted from cyclic
voltammograms (reported in reference 33) for dispersions of dopamine-PEG-methoxy in buffer media.
(B) Schematic representation of the anticipated changes in the separation distance and the
corresponding electronic coupling strength (H) on the charge transfer interactions. (C) The dependence
of electron transfer rate constant versus center-to-center separation distance for yellow- and red-
emitting QD-dopamine conjugates prepared using ZW/amine-PEG-QDs. Lines are fit to the data using
equation 8.
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