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ABSTRACT:We detail the preparation of highlyorescent: 5 .4
guantum dots (QDs), surface-engineered with muItifunct;ona\
polymer ligands that are compact and readily compatible; wj
strain-promoted click conjugation, and the use of these nanocrys
immuno uorescence airvivamaging. The ligand design combit
the benets of mixed coordination (i.e., thiol and imidazole) with
zwitterion motifs, yielding sterically-stabilized QDs that pres:en_t a/
controllable number of azide groups, for easy conjugation: 8o oo :

biomoleculesiathe selective click chemistry. The polymer coating

was characterized using NMR spectroscopy to extract estimates uditimecdie cient, hydrodynamic size, and ligand density.

The azide-functionalized QDs were conjugated to anti-tropomyosin receptor kinase B amti)dyr (o the brain-derived
neurotrophic factor (BDNF). These conjugates were higldijve for labeling the tropomyosin receptor kinase B (TrkB) in
pyramidal neurons within cortical tissue and for monitoring the BDNF induced activation of TrkB signaling in live neuronal cells
Finally, the polymer-coated QDs were appliad fovoimaging oDrosophila melanogastabryos, where the QDs remained

highly uorescent and colloidally stable, with no measurable cytotoxicity. These materials would be of great use in various imagi

applications, where a small size, ease of conjugation, and great colloidal stabilibgtiaties are needed.

INTRODUCTION single ligand, allowing for binding onto the nanoparticle
Semiconductor quantum dots (QDs), such as shet! surface through multisite coordinatitn. Such enhanced

CdSe/ZnS nanocrystals, exhibit unique size- and compositidhteractions greatly reduce the rate of ligand desorption from
dependent photophysical properties along with nanoscdf@® nanoparticle surface, thereby substantially improving the
dimensions that are comparable to those of biomolecul€8lloidal stability in a wide range of conditions. Moreover,
(e.g., proteins).® These features combined make thempolymers comprising distinct functionalities within the same
appealing for use as biological probes and diagnostic toolssteucture can be readily prepared. Talisin oné design
investi%ate diverse biological processes at the single ¢sivides better control over the ligand stoichiometry as well as
leveP® *° However, using QDs in biology has beenthe nature of each installed module, allowing for careful tuning
constrained by several limitations, including large hydrof the nanoparticle surface properties.
dynamic size, limited colloidal stability under physiological In earlier studies, polymer ligands appended with thiol
conditions, nonspeci interactions, and low targeting anchors have been extensively exploited, since these groups
e ciency in biological uids?® *® These properties are exhibit strong anity to QD surfacéé® 2% However, thiol
primarily inuenced by the surface coating strategy utilized. groups tend to negativelyeat the uorescence properties of
Ligand exchange is areetive approach for tailoring the Qps?9°|n addition, this mode of surface coordination can be
QD surface properties; such strategy relies on the competiti{@akened by oxidation of the tHibIEo overcome some of

displacement of the native hydrophobic molecules and thgf{ose grawbacks, imidazole-based polymer ligands have been
substitution with new bifunctional hydrophilic ligands. These

ligands are typically composed of anchoring groups for
coordination on the nanoparticle surfaces and hydrophilf¢eceived: March 26, 2020
motifs to promote steric stabilization indsumedia. Over the ~ Revised:  April 24, 2020
past two decades, a variety of coordinating ligands have b&eflished: April 25, 2020
developed. Among these, multifunctional polymer ligands

show advantageous features. Compared with molecular-scale

ligands, polymers can display several anchoring groups per
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Figure 1.(A) Chemical structures of the building blocks used for the synthesis of the polymer ligands, including theldeRiidiAsdhe
hydrophilic moiety, ZW-N}the anchoring groups, LA-N&hd histamine; and the functional groypl NG-NH,. (B) Representative polymer
ligands: LA/His-PIMA-ZW and LA/His-PIMA-ZWJN(C) Schematics of the ligand exchange of QDs with the polymers mediated by UV
irradiation.

proposed as an alternative to thiolated*6ni€dmidazole is  groups have been developgd:® °? Given their molecular-
not a ected by issues of photo-oxidation, and it can potentialgcale, these groups yield compact coating and reduce the
enhance the QD uorescenc&>**° Nonetheless, the overall size of the nanocrystals. Nonetheless, synthesizing
coordination strength of imidazoles is weaker than that aiwitterion-modied ligands and applying them in ligand
thiols, particularly in acidic conditions (pH £@uilding on exchange protocols is challenging, due to the very limited
these observations, our group explored the use of polynsmlubility of these groups in commonly used organic solvents.
ligands with mixed coordination where two types of anchoringIn this study, we report the design of a set of polymer ligands
groups, lipoic acid and imidazole, are combined within thiaat combine the bernts of zwitteriorismall size with mixed
same ligand structure to bind on the &Dihis new design  coordination, to allow for easy functionalization of luminescent
indeed exploits the beng of the two anchors and QDs and facilitate their application in biology. The ligands are
synergistically addresses the issues of thiol oxidation gmetparedvia the one-step nucleophilic addition reaction
weaker binding of imidazole groups, if only one type dftarting with poly(isobutyleaft-maleic anhydride), PIMA,
anchors is used. which yields a modular structure presenting multiple
The hydrophilic motif also plays a critical role in the ligandmidazole/lipoic acid anchors to promote strong coordination,
functions. It ensures the steric stabilization of nanoparticlessaveral zwitterion moieties, and a few terminally reactive
aqueous media and controls their interactions with biologicedtraethylene glycol blocks to guarantee biocompatibility and
system$"*? The use of poly(ethylene glycol) (PEG) blocks astunable surface reactivity of the QDs. Photoligation with these
the hydrophilic motif in the ligand design has proved to bégands provides QD dispersions with higirescence and
e ective in improving colloidal stability while drasticallyexcellent colloidal stability over a broad range of conditions.
reducing nonspeci protein absorption. We and others haveThe polymer-coated QDs are characterized using several
designed a set of PEGylated polymer ligands for the surfargalytical tools including UVisible absorptionuorescence
functionalization of QDs, including the one with mixedspectroscopy, Fourier transform infrared spectroscopy (FT-
coordination as described atgve:>*® “° However, to  IR), and NMR spectroscopy. Introducing azide functions in
achieve good water @ity, high molecular weight PEG blocks the ligands has allowed conjugation of the QDs to anti-
are often used, which tends to increase the hydrodynamic simpomyosin receptor kinase B antibodyrkB) and to the
of the nanoparticles. Such a large size can negagigethe  brain-derived neurotrophic factor (BDNFa strain-pro-
e ciencies of QD-based sensors and can limit their ability tmoted click chemistry. This provided the means to visualize
access coned regions, such as the synaptic regions in neurdhe distribution of TrkB in pyramidal neurons within cortical
cell culture$**” To reduce the hydrodynamic dimensions oftissue and the activation of BDNF/TrkB signaling in live
the hydrophilic materials, ligands appended with zwitteriomeuronal cells. The colloidal stability and cytotoxicity of the
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Figure 2.(A) Normalized absorption andorescence spectra collected from QD537, QD570, and QD633, before and after ligand exchange with
LA/His-PIMA-ZW, along with the relative PL intensities of QDs ligated with LA/His-PIMA-ZW in water compared with the hydrophobic QDs in
hexane; the same optical density was used for both sets. (B) FT-IR spectra collected from QDs ligated with LA/His-PIMA-ZW (left) and QDs
ligated with LA/His-PIMA-ZW/B(right), along with the corresponding pure polymer ligands.

polymer-coated QDs were evaluatednbyivoimaging of reasoned that the ligand structure that combines mixed

Drosophila melanogastebryos. coordination with zwitterion groups can promote higitya
to the nanocrystals and enhance the photoluminescence (PL)
RESULTS AND DISCUSSION properties of the QDs, while guaranteeing highly compact

T _ _ _ . coating® In addition, to introduce the azide groups without
The zwitterionic polymer ligands with mixed coordinatiorbompromising the compactness of the coating, we selected
described in this regartsgvere inspired by ideas introduced |3,N-TEG-N, (using a tetraethylene glycol segment) as the
our previous works”**%>* The synthetic route exploits the n(cleophile for the addition reaction. The stoichiometry of the
e ectiveness of the one-step nucleophilic addition reactigfbating ligand can be easily tuned by controlling the molar
between PIMA and MN-R nucleophiles, where a near 100%fraction of each functionality used with respect to that of the
reaction eciency is achieved without requiring couplinganhydride groups in the PIMA.
reagent$>®* These features simplify ligand mation and Figure 1shows the structures of two representative polymer
bode well for preparing zwitterion-rich polymers, given thkgands along with the nucleophile precursors used. Synthesis
stringent solubility of these groups in organic solvents. Wi LA/His-PIMA-ZW was carried out by reacting PIMA with a
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Figure 3.(A) Pulsed-eld gradient-based water suppresélolNMR spectrum collected from LA/His-PIMA-ZW-coated QDs,®. D
Assignment of the protons associated with each functionality are labeled on the spectrum. (B) 2D DOSY contour plots collected from LA/His
PIMA-ZW-coated QD537, LA/His-PIMA-ZW-coated QD570, and LA/His-PIMA-ZW-coated QD&33(i@)[igand counting: pulsedid

gradient-based water suppres$ibhNMR spectrum of LA/His-PIMA-ZW-capped QD537, calibrated with respect to pyridine serving as a
standard.

stoichiometric mixture of lipoic acid-amine (20%), histamineoordination onto the QD& situ’>*°® We applied this
(30%), and zwitterion-amine (50%). This introdugdgoic photoligation strategy to the QDs using the new ligands
acid groups, 12 imidazole anchors, an@0 zwitterion (Figure ). First, mixing the hydrophobic QDs and ligands in
moieties, while releasinglO carboxylic acids along the organic phase for 2 h promotes imidazole-driven coordination
polymer backborié Synthesis of LA/His-PIMA-ZWiNvas of the polymer onto the QD surfaces and displacement of the
carried out by substituting a fraction of the zwitterion-amineative cap, allowing for a phase transfer of QDs to water.
(15%) with HN-TEG-N; during the reaction, yielding a Second, applying UV irradiation to aqueous QD dispersions
ligand coating readily compatible Vdtick chemistry. for 30 min readily triggers ligation of the photoreddi

This design has indeed yielded polymer ligands that can bachors onto the nanocrystals, yielding mixed coordination
applied for coating QDs using a UV-promoted ligand exchangeating. This method is simpler than the approach developed
strategy (i.e., photoligation), which isative and simple to in our previous report for photoligation of QDs with LA-
implement. This strategy exploits the photochemical sensitivRyMA-ZW ligands’
of the strained dithiolane rings to UV irradiation that overlaps Characterization of Hydrophilic QDs. The puried
with the lipoic acid absorption band centere340 nm, as  polymer-coated QDs were characterized using a combination
this breaks the disde bond and rapidly promotes ligand of UV visible absorptionuorescence spectroscopy, FT-IR,
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along with 1D'*H NMR and 2D diusion-ordered spectros- n-hexylphosphonic acid (HPA), and 1-hexadecyl amine

copy (DOSY). In particular, the NMR experiments wergHDA)) were measured in the QD samples, which clearly

exploited to comm the eectiveness of photoligation to fully proves that the hydrophobic ligands were displaced by the

substitute the native ligands with the polymers, to extractpmolymer coating during ligand exchamge.

measure for the dision coecient and hydrodynamic radius  Further conrmation that théH NMR signatures measured

of the hydrophilic nanocrystals, and to extract an estimate fodbm the QD samples originate from bound ligands and not

the number of ligands in a QD coating. from excess free ligands in the medium, was deduced from
Optical CharacterizatiorFigure 2 shows the absorption DOSY experiments. DOSY can exploit the dependence of the

and emission spectra collected from three representatigpecic NMR features of active atoms in molecules of interest

dispersions of QDs emitting at 537, 570, and 633 nm, befoe# the magneticeld gradient, providing a measure of the

and after photoligation with LA/His-PIMA-ZW. The spectratranslational dusion of those molecules in solutfbfihe

of the hydrophilic QDs in water are essentially identical tdi usion-weightedH NMR spectra can be collected by

those collected from their hydrophobic counterparts disperssélectively Itering out the fast dising species with a

in hexane, indicating that the structural and optical integrity ofagnetic eld gradierit-° Attenuation of the signal (often

the nanoparticles were preserved following phase transfeferred to as the echo intensity),can be described in its

Similar data were collected from QDs photoligated with LAsimpli ed form using the Stejskaanner equatioft: °°

His-PIMA-ZW/N;. The benecial eects of the mixed \

coordination polymers on the QD properties were further | = |oeXpE G2 ZW _1135

evaluated by comparing the PL intensities measured for the 3A: (1)

hydrophobic and hydrophilic QD dispersions with similagyhere b is the diusion coecient ascribed to the peak

optical densities. The PL intensities measured for aqueoysiion(s). is the proton avromaanetic raGs the strenath
dispersions were35% 9_5%_0f that recordegl for hydrophobic Ef the En?’:{gnetic gF;adientggulsés ?ts durations is the tirge

ones in hexane, indicating that _marglnal PL Iosses_ afferval between two bipolar gradient pulses),aisdthe
measured after phase transfer. This result can be attribuigfn,| at zero gradient. Using this technique, the Brownian
to the benets of introducing imidazole anchors, which providey;™ sion coe cient(s) associated with the proton features can
better passivation of the surface defect states and reduce gae weasured. This also provides a means of distinguishing

e ects of nonradiative decay charffiéfs. freely diusing ligands from those QD-bound, based on
FT-IR Characterizatioie ciency of the ligand exchange i grence in the measuredution coecients; free ligands
along with integrity of the azide groups on the QD surfacggoy|d exhibit faster dision coecient than surface bound
were veried by FT-IR spectroscopygure B shows a side- ones Thus, by tracking changes in the intensitg pith the
by-side comparison between the FT-IR spectra collected frofgpjied gradienteld strength collected from dispersions of
pure polymers (LA/His-PIMA-ZW and LA/His-PIMA-ZW/  5p_phound ligands only, one can extract a meagferdhe
Ns) and from QDs photoligated with either of those ligands. 'rhanocrystals in the sampféegure B shows representative
each case, the spectrum of the QD sample exhibited neafipsy ‘contour spectra collected from pdridispersions of
identical patterns to that of the pure ligands. In particular, @D537, QD570, and QD633 ligated with LA/His-PIMA-ZW
clearly dened band at 2100 cm” was measured for the LA/ jn p,0. Data show that the various proton signals in each
His-PIMA-ZW/N, and the polymer-coated QD samples, spectrum can be associated with two distinatsidn
attributed to the asymmetric vibration of the azide groups igpe cients. The slower ones are attributed to the surface-
the coating. These results eamthe success of the ligand pound polymers for each set of QDs; these values are much
exchange and the availability of intact azide groups on the Qhajler than that measured for water molecules in the sample.

surfaces for further conjugation. More precisely, the data compiledamle 1show that the
1D 'H NMR and 2D Dusion-Ordered Spectroscoffihe

NMR data not only were used to provide further proof for ar

, . ble 1. Values of Dusion Coe cient, Hydrodynamic
complete ligand exchange and to extract estimates for th%‘ldius, and Number of Ligands Per QD Measured for Each

di usion coecient of hydrophilic QDs but also to quantify gj;e of QDs Ligated with LA/His-PIMA-ZW, Extracted
the number of ligands per nanocrystalire 2 shows théH from the NMR Analyses

NMR spectrum collected from a representative QD dispersion
in D,O. The spectrum shows distinct peaks over the ranc molar extinction  di usion

1.1 2.5 ppm attributed to the lipoic acid protons, two qp [rr?,?]']“e? M L C‘;‘fi}tb i g'?]”t [r'f,;] ligands/QD
resonances at6.9 and 7.2 ppm ascribed to the protons on Dsa7 | 3.0 6.06< 10 336x 101 64 15
the imidazole rings, and a pronounced resonance at 3.0 ppy - S o 16 s03x 0% 71 21
corresponding to the methyl groups of the zwitterion moietiesQ|3633 P sam 16 272x 101 79 2

In addition, a broad peak &.9 ppm ascribed to the methyl .
aroups on the PINIA backbone wias measured. The prot{le vaues 2 12 90 1o wore ©Xage o Smalangle X2y
peaks shown fgure 3 for the polymer-QDs are broadened oo o e \vere determined using the absorbance at 330 m.

and slightly weakened compared to those shown in the spectra

of LA-NH, and ZW-NH provided in the Supporting

Information Figure S)L Such broadening is expected for di usion coecient decreases systematically fr@&36 x

the QD samples, due to the combination of the polymeri¢0 '*m?s ! for QD537 and 3.03x 10 **m?s ! for QD570
nature of LA/His-PIMA-ZW and the slower dynamics ofto 2.72x 10 ' n? s ! for QD633, while a value 02.0x
protons in the QD-bound ligarids? We also note that no 10° m? s ! was extracted for water molecules. In each
signatures associated with the native capping molecules (espectrum, only one dision coecient associated with the
trioctyl phosphine (TOP), trioctyl phosphine oxide (TOPO), polymer proton resonances was measured, which is @out 2
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Figure 4.Colloidal stability tests: (A) QD537 and QD633 ligated with LA/His-PIMA-ZW dispersed in DI water, NaCl solution (1 M), and
phosphate ber (20 mM) at pH from 3 to 13 over nine months of storage. (B) LA/His-PIMA-ZW-coated QD537 and QD633 in dispersion
containing 10 mM glutathione (GSH) and mixed with 100% growth media (DMEM) st@ré@ and tracked for two months. (C and D) QD
dispersions at dérent concentrations (100, 50, and 10 nM) stored under ambient conditions, along with the time progression of the PL intensities
tracked over two months.

Table 2. Comparison between Several Polymer Coatings: Ligand Structures Correlated to the QD Hydrodynamic Radius,
Fluorescence Property, and Colloidal Stability

QD ligand anchor hydrophilic uniR, [nm] relative PL [% PL [10 nM, 60 df pH <5 against photo-oxidation
QD537 His-PIMA-PEG imidazole PEG 10.3 76 NA no yes
QD537 LA-PIMA-PEG lipoic acid PEG 11.3 75 NA yes no
QD537 LA/His-PIMA-PES  mixed PEG 10.9 96 NA yes yes
QD537 His-PIMA-Z\A? imidazole W 5.2 89 49% no yes
QD537 LA-PIMA-Z\R? lipoic acid ZW 6.6 70 37% yes no
QD537 LA/His-PIMA-ZW mixed ZW 6.4 91 70% yes yes

#The in uence of dierent polymer coatings on the Qbrescence was assessed by comparing the PL intensity of polymer-coated QDs to the
hydrophobic QDs in hexane at the same optical dB@silipidal stability of QDs at low concentration (10 nM) were evaluated by comparing

their PL intensities after 60 days of storage to the fresh samples. The chemical structures of the polymer ligands, His-PIMA-PEG, LA-PIMA-PE
LA/His-PIMA-PEG, His-PIMA-ZW, and LA-PIMA-ZW, are provided i&upporting Information

times slower and approximately 2 orders of magnitude smak®mparison of the integration of the methyl proton peak at
than those of freely dising organic ligands and water 0.9 ppm in the polymer with the integrationrjmfoton peak
molecules, respectivelyhis clearly indicates that there are at 7.7 ppm emanating from pyridine standaigue €).

no detectable free ligands in the disper$iohghis further  Conversely, the QD concentration was calculated from the
conrms the strong coordination of the ligand and theabsorbance at 350 nm combined with the molar extinction

e ectiveness of phase transfer protocols used. coe cients of the coreshell QDS® ’° Such analysis indicates
Combining data of the dision coecients with the  that there are 15 ligands per QD537,21 ligands per
StokesEinstein equation, QD570, and 32 ligands per QD633 ¢ble ). This trend is
D= kT/(6 R) @ consistent with the increase in the surface area per nanocrystal
for larger sized QDs, requiring more ligands for stabilization.

These values are also consistent with previous results from our

temperature, ands the dynamic viscosity of the meditfh, ~ 9roup, where green-emitting QDs stabilized with PEGylated
yields a measure for the hydrodynamic radius of thRolymer ligands (i.e., PEGmotifs) were characterizéd.
nanoparticlesR;). The extracted hydrodynamic radius is Finally, using the above NMR data and assuming that 15% of
6.4 nm for QD537, 7.1 nm for QD570, and7.9 nm for  the functional groups are made from,NHG-N; we
QD633, respectively. These values agree with our previgtimate that the number ‘aflickable azide groups on a
reports for zwitterionic coatings but are smaller tha®?D633 photoligated with LA/His-PIMA-ZW4Ns  190.
PEGylated coatings 10 11 nm for QD537§3*° Additional'H NMR spectra used for ligand counting are
We also exploited thid NMR data collected from the QDs provided in the Supporting Informatiéiig(re SR
to extract the number of ligands per QD, by comparing the Colloidal Stability Tests. The colloidal stability of two
total concentration of ligands to that of the QDs in the sampléepresentative sets of QDs photoligated with LA/His-PIMA-
This information is critical, as ligand density not only greatW was evaluated under a few biologically relevant conditions,
in uences the colloidal stability of the nanoparticles but alsocluding the pH range 23, a high concentration of
stron I}/ impacts their performance in biological investigalectrolyte (1 M NaCl), in the presence of cell culture media
tions’~’? The ligand concentration was extracted from g100% Dulbecé® modied Eagle medium, DMEM), in 10

where kg is the Boltzmann constari, is the absolute
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Figure 5.(A) Schematics of the click-promoted conjugation of QDs to anti-TrkB antibody. (B) QD-immunolabeling of TrkB in corticospinal
neurons within the M1 motor cortex visualized by AAVrg (green): (a) strong labelimgB¥QDs (red), wherene apical and basilar spine
morphology of individual neurons are apparent (arrows); (b) no labeling was observed when using control QDs.

mM glutathione, and when stored at nanomolar concentrationsimmunolabeling and Live Cell Imaging. Strain-
(10, 50, and 100 nM) under ambient conditions (roompromoted cycloaddition (Click) chemistry provides exquisite
temperature and light exposure). chemoselectivity, high @ency, and fast reaction rates, even
Figure A shows the uorescence images collected fromunder complex conditions* It has progressively become
QD537 and QD633 (0.3V) dispersed in beers at pH 313, one of most e=ctive approaches for nanoparticle bioconjuga-
in 1 M NaCl solution, and tracked with time storagd &€. tion>>">"° Here, we apply this strategy to conjugate LA/His-
All dispersions stayed homogeneous and highigscent, PIMA-ZW/Ng-coated QDs (emitting at 633 nm) with
with no sign of microscopic aggregation or visasscence ~ dibenzocyclooctyne (DBCO)-labeled proteins and to test
loss for at least nine months. The stability of QDs was al$beir e ectiveness in immungrescence staining and live
assessed in the presence of 10 mM glutathione and in 10094l imaging. The average number of antibodies per QD (or the
cell growth media, where no aggregation could be detectéglence of the QD-conjugate) has been estimated using Pierce
after at least two months of storageire B). We further ~ BCA protein assay;TrkB-QD conjugates were used for the
tested the colloidal stability of the QD dispersions at very lo@halysis. A valence df.12 was deduced (see the Supporting
concentrations including 10, 50, and 100 nM under ambief@formation;rable SlndFigure Sj We should note that the
conditions. The uorescence images shownFigure € rep_orted value is an average valence, but the conjugates are
indicate that both sets of QDs stayewrescent and |r!d|\{|duallyﬁheterogeneous and well described by Poisson
aggregate-free at all tested concentrations. The time pfgstribution.

gression of PL intensities Kigure D show that the 'Immunolabeling' of BDNF-R.eceptor .TrkB in. Cprtical
Jiigsue.Tropomyosin receptor kinase B is the highita

uorescence of the 100 nM dispersions was essential; ceptor for BDNF mediating neuronaledéntiation and
unchanged with storage time for both sets. At lowe urvival. BDNF initiates signaling by binding to TrkB, where

concentrations (50 and 10 nM), the PL intensities wer his complex is internalized and retrogradely transported to the
slightly decreased but dispersions remained highéscent cell som&® Combining strain-promoted click chemistry with

foésa/t E?Str et\évr? ingosng:%glz/orfoerxrzrg%%stggrge:;g\éetopthew?ﬁe high a nity coating, we demonstrated the conjugation of
olforg 0 P reg-emitting QDs to anti-TrkB antibody, yieldingrescent

emission from fresh samples at 50 nM, whereas dispersion b : . - . .
es for ecient labeling of TrkB in corticospinal neurons
QD53.7 anq Q.D633 at 10 nM preservz_ed about 70% and 80%%hin cortical tissue. AsgshownFigure B, Ieftppanel, -

of their emission during the same period. TrkB-QD conjugates (3 nM) spezlly labeled the pyramidal

Table 2provides a contextual comparison showing thee,ronsiin jayer V of the cortical tissue slice, where the red QD
e ects of ligand structure on the colloidal and photophysical,; ascence was fully colocalized with tiieescence of

stability for the present polymer Iigandsgpagzthose reported iavrg (green color), a marker used for visualization of the
our previous works (shown filgure SB Compared  horons. In contrast, control QDs coated with LA/His-PIMA-
with polymer ligands presenting only one type of anchors (e.gyy/N ,, without conjugation to antibodies, yielded no labeling
LA-PIMA-ZW or His-PIMA-ZW), the mixed coordination of the pyramidal cell§igure B, right panel). Additionally,
ligands generate QDs with highemrescence, better gpecic labeling for TrkB can be observed within the apical
colloidal/photo stability in acidic pHs, and low concentrationsjendritic spines as well as basilar spines of layer V (arrows,
under ambient conditions over extended storage timgigure B). The e cient labeling of TrkB in corticospinal
Furthermore, given the molecular nature of the zwitterioReurons within the M1 motor cortex indicates that such QD
motif, LA/His-PIMA-ZW-coated QDs are inherently compaciprobes can be readily applied for inmunolabeling proteins of
compared with those coated with PEGylated polymers (e.¢hterest.

LA/His-PIMA-PEG). These comparisons provide additional Live Cell Imaging of Internalized BDNF-QD¥& complex
evidence that the LA/His-PIMA-ZW ligands yield highlynature of BDNF existing in pre, pro, and mature states has
compact QDs with better colloidal stability over severalllowed this small neurotrophin to play diverse roles in
conditions, a result attributed to the enhanced coordination eeurogenesis, synaptic plasticity, long-term potentiation, and
imidazole and lipoic acid anchors and the stramityafthe  neuron survival, to name a féw> However, the
zwitterion motifs to water. heterogeneity of this protein also leads to contradictive
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Figure 6.(A) Scheme of click conjugation of QDs to BDNF. (B) Live neuron cell imaging of BDNF-induced TrkB endocytosis and activation of
signaling over time. Quorescence images (top panel), composite images afo€@Bcence and drential interference contrast (middle
panel), and enlarged composite images (bottom panel) are shown.

Figure 7.(A) Overlaid uorescence images (lower focal plane) dbtesophila melanogastebryos recorded upon injection of QDs into the
right one. (B and C) GFRiorescence distribution in embryo nuclei and@iescence distribution in plasma membranes in highaatigmi
images. (D and E) Reconstructions of the spatieéscence distribution on two vertical plaXeZ plane and’ Z plane).

ndings with irreproducible results that have cast a shadow faxr BDNF internalization; the full set of images acquired at 5
advancing our understanding of the properties of pro-BDNRin intervals is provided in the Supporting Inform&tigur,e
and mature-BDNF. The mature-BDNF binds preferentially t85 The images show that the mature-BDNF-QDs (3 nM)
the TrkB receptor, activating signaling cascades responsiblesere rapidly uptaken in live cultures of cortical neurons. A few
neuronal survival and synaptic plasticity. Here, we show thameurons displayed an almost instant uptake of the neuro-
QD conjugated to the mature-BDN#a click chemistry  trophin (pink arrows), where all cells that internalized BDNF-
provides auorescent probe that is capable of monitoring theQDs did so within 10 min (blue arrows). Moreover, BDNF-
BDNF-induced TrkB endocytosis and activation of signalinQDs could be seen localizing within axons é0Lthin and
pathways downstream of TrkB in live adult neuronal celldispersing throughout the cell at 30 min. In contrast, little to
Figure 6shows representative time-lapggescence images no uptake of QDs was observed for the control without BDNF
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conjugation (see the Supporting Informatieigure SpB prepared materials camd use in other imaging and tracking
Benetting from the compact size of QDs coated byexperiments where a rather small size, ayescence, and
zwitterionic ligands, this chemistry can be further applied lompatibility with chemoselective conjugation strategy could
comparing the pre, pro, or mature forms of BDNF in variouadvance our understanding of important problems in neuro-
disease states for future study. science and biomedicine.

In Vivo Embryo Imaging. The use of QD probes for
vivoimaging and tracking continues to generate much interest, CONCLUSION
but questions pertaining to the nanocrystal colloidal an
photophysical stability in those conditions and thegitseon
the viability of cells and organisms are still not understood.
examined thén vivostability and cytotoxicity of LA/His-
PIMA-ZW-coated QDs delivered Doosophila melanogaster
embryosia microinjection.

The embryo encoded with GFP in the nuclei of all cells w
microinjected with 2.6 M red-emitting QDs diluted in
Dulbeccts PBS buwer, 120 min after the egg laying (stage
3 4). The representativaorescence images of two embryos,
collected at lower and upper focal planes, are shBgnria
7A andFigure S{Supporting Information), respectively. The
embryo injected with QDs shows a strong uedescence

&/e have prepared a set of multifunctional polymers that
Vggmbine mixed coordination with a zwitterion hydrophilic
motif and applied them for the coating and conjugation of
luminescent QDs to an antibody and ligand targetingcspeci
neuron cell receptors. Combining this ligand design with
otochemical ligation yielded hydrophilic QDs that exhibit
Igh uorescence and excellent colloidal stability over a broad
range of conditions and are readily applicable for conjugation
to biomolecules. The polymer coating has been characterized
using 1D*H NMR and 2D DOSY spectroscopy to extract
estimates for the hydrodynamic radius and surface ligand
density. Introduction of azide groups into the ligand has
éacilitated the assembly QD-bioconjugates using the
gelective click reaction. The forme@irkB-QD conjugates
provided ecient immunolabeling of TrkB receptors in
pyramidal neurons within cortical tissue, while the BDNF-
onjugates were used for imaging the activation of BDNF/
signaling in live aduheuron cultures. We also

nuclei. The formation of the cellular blastoderm can b

visualized under high maguaition §igure B,C). The

uniform circular shapes in the redorescence patterns

suggest that QDs associated with the plasma membranes LE[%[BC
[

assembled during cell cycle 14 around the many nuclei to fo . TR -
individual cell%g.gThe r)éconstructeduorescenge images investigated the ects of microinjecting the QD<lrosophila

: - elanogastembryos and found that vivothe polymer-
gl?rléi(t:;[ ;? ;yzsg?;nné?gartlgepfoosiglroglr?tg?i olrn dﬁrr]:ct?c;r)rrslo Ventrg(l)ated QDs were colloidally stable, exhibited no measurable

plane) indicate that the QDs localized predominantly in th oxic eects, and allowed for visualization of cellular

: istribution in such embryos. We should emphasize that the
cellular blastoderm developed at the periphery of the embr . . . .
(Figure D,E). The sequentiF;I images gcqﬁ)iredyup to 150 mi esent chemical route can be easily applied to prepare ligands

ate njecion reveal e QDs remained siongly el 1% OPUTaly adspied for coing 2 yariey of obher
uorescent and homogeneously distributed in the embr ! goid, ! 9

YO ; X .
. -2 . cores. The present coating strategy combined with the ease
Supporting Informatiofigure SB The cells in the embryo L . . .
gpngred t% be unperturged an)j continued the embryoé]eneand selectivity of the click-based conjugatien great
Stential for the integration of various nanocolloids in an array

during the experimental cycle, indicating that the polymer- . LS

coated QDs elicited minimal to no toxicity. The observe f biological applications.

colloidal stability of the polymer-coated QDs inside the

embryos should be contrasted with what was measured for EXPERIMENTAL SECTION

QDs coated with monomeric DHLA, the smallest version of Synthesis of Polymer Ligands. Synthesis of LA/His-

LA-based ligands devoid of a hydrophilic fdffinctate  PIMA-ZWIn a 50 mL round-bottomask, PIMA (0.385g, 2.5
uorescence staining rapidly developed inside cells mici@mol of monomer units) was dissolved in 5 mL of dimethyl

injected with these materials, suggesting nanoparticle aggrag#foxide (DMSO). The solution was purged with nitrogen and

tion. heated to 45C using an oil bath. Histamine (0.083 g, 0.75
Clearly, the present ligand coating combining zwitteriommol) dissolved in 1 mL of DMSO was added to the PIMA

motifs and mixed coordinationeos great bents for solutionvia a syringe, followed by adding 1 mL of DMSO

integrating luminescent QDs and potentially other nanasolution containing LA-NHO0.124 g, 0.5 mmol). After that, 1

colloids in biological imaging. In addition to treegveness mL of DMSO containing ZW-NH0.281 g, 1.25 mmol) was

of the synthetic route used, the present ligands impart onto thaelded. The reaction mixture was left stirring afG5

nanocrystal high colloidal stability, enhanced PL propertievernight under nitrogemw. The solution was concentrated

across a wide range of conditions, and ease of conjugationtdo 2 mL under vacuum, and 20 mL of acetone was added to

biomolecules. They are optimally suited for implementingrecipitate the compound. After centrifugation for 5 min at

chemical coupling relying on the selective anir click 3700 rpm, the solvent was decanted and the solid pellet was

chemistry, to prepare stable and highdyescent-TrkB-QD washed twice with acetone and dried under vacuum. This

and BDNF-QD bioconjugates. Indeed, we found {hekB- provided the nal product as white-yellowish solid witha

QD conjugates allowed for the immunostaining of theyield of 90%.

pyramidal neurons in cortical tissue with highieacy, Synthesis of LA/His-PIMA-Z\W/Nhis compound was

while BDNF-QD conjugates permitted tracking of the timesynthesized following the same steps described above, except

dependent receptor-induced endocytosis by live neurons. \tat 15% ZW-NKwas substituted with,N-TEG-N;; the

also found that the newly prepared zwitterion-coated QDs stagal yield was 83%.

homogeneously distributed in live embryos while eliciting no Ligand Exchange.In a 10 mL scintillation vial, hydro-

measurable cytotoxicity. These results are promising, and gfebic QDs (2 nmol) were precipitated with 3 mL of
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ethanol and then centrifuged at 3600 rpm for 6 min. The QEHEPES buer (pH 7.4, 25 mM) and reacted with 5-fold molar
pellet was redispersed in 26Mf chloroform. Separately, 20 excess of DBCO-sulfo-NHS ester (1.88 mM, L)yat room
mg of the polymer ligands were dissolved inL180DMSO. temperature for 30 min. Next, an aliquot of QD dispersion (12
A gentle heating and sonication can accelerate ligand/, 23 L) was added to the protein solution; the molar ratio
dissolution. The solution was added to the QD dispersiomf QD/BDNF was 1:2. The mixture was left stirring @ 4
and the mixture was stirred at room temperature for 2 h (or atvernight. The BDNF-QD conjugates were @dirifrom
4 °C overnight for convenience). Chloroform (30Dpand unreacted protein and byproducts using a PD-10 column. The
300 L of methanol were added to the QD dispersion,puri ed QD conjugates were characterized by gel electro-
followed by 3.54 mL of hexane. The mixture was sonicatedphoresis and -potential analysis (see tlBipporting
for 20 s and centrifuged at 3600 rpm for 7 min. Thelnformatio.
supernatant was removed using a pipet, and the aboveTissue Preparation and Immuno uorescence Imag-
puri cation steps were repeated one more time. The QIng. The US National Institutes of Health guidelines for
pellet was dried under a vacuum for180min and mixed laboratory animal care and safety were strictly followed. All
with 2 mL of DI water, followed by the addition of R®f surgeries of mice were done under deep anesthesia using
aqueous NaOH solution (2.5 M). After sonication, a clear QOso urane gas followed by postoperative care. Corticospinal
dispersion was obtained. The vial was sealed with a rublmeurons were visualized in the motor cortex by retrogradely
septum, and the atmosphere was switched to nitrogen knacing at C8 spinal cord level with AAVrg virug [0
applying 23 rounds of a mild vacuum followed bghing genome copies/mL, Addgene 59462) at 0.8 mm depth, 0.5
with nitrogen. The vial was then placed inside the U\mm lateral from midline, with a micropipette where injection
photoreactor and irradiated for 30 min while stirring. Thigpressure and duration were controlled by PicoSpritzer I
promoted a photoinduced reduction of the lipoic acid groupfeneral Valve, Fa@ld, NJ). Mice were perfused 7 days later
in the ligand> The QD dispersion was passed through awith 4% PFA and tissue removed and cryoprotected in 30%
syringe lter ( 0.45 m) and then to a centrifugdtration sucrose in PBS. Cortical tissue was sectioned on a microtome
device (Millipore, cuto= 50 kDa, volume = 15 mL). Excess at 35 m intervals and permeabilized in 0.25% triton in 5%
free ligands were removed by applying Bunds of  donkey serum for 1 h rotating at room temperature. The tissue
concentration/dilution with DI water. Ligand exchange withwas incubated in pre-blockedrkB-QD conjugates (3 nM)
LA/His-PIMA-ZWIN; was carried out following the same or QD-control (3 nM) diluted in 5% donkey serum overnight
steps, except that 25 mg of polymer ligands was used. at 4°C. Next day, the tissue was rinsed in 1X PBS three times,
NMR Characterization."H NMR spectra were collected with a 10 min wash each, and mounted onto microscope slides.
using pulsedeld gradient water suppression experimentdmages were collected on a Zeiss LSM 880 confocal
After phase transfer and during the pation step of the microscope with 200bjective (Zeiss). Z-stack images were
QDs, DI water was switched tgXby applying two rounds of taken across 135 m of tissue at optimal intervals, with
concentration/dilution using deuterium oxide (2 mL each).1024 x 1024 resolution, averaging 4 lines per section,
The nal volume of the QD dispersions was adjusted to 508equentially scanning at 405 nm with a detector range at
L. The QD concentration used for collectihig NMR 611 689 nm for QDs. Max projection images were used in the
spectra was8 9 M, as determined by UVis absorption  shown Figures.
data; the reported NMR spectra were the average over 500Live Neuronal Cell Imaging. Cerebral cortices were
scans. The above samples were also used to acquire idmated from C57BL/6 mice at postnatal day 30 and
di usion-ordered spectroscopy data. In our experiments, thansferred to cold D-PBS, where intact cortices were placed
absolute temperature and the dynamic viscosity of the mediunto C-tubes (Miltenyi, 130-096-334, Bergisch Gladbach,
were 293 K and1.002x 10 3N s/m? (1 cP), respectively. Germany) with appropriate leus and dissociated according
NMR characterization of the ligand density was carried otb brain dissociation protocol (Miltenyi, 130-107-677) using
using dispersions in®, supplemented with 2 of pyridine the gentleMACS Octo dissociator with heaters. Cells were
(24.8 mol) dissolved in 5L of D,O, to provide a standard. plated onto Nunc LabTEKII chamber slides coated with poly-
We should note that th@al QD concentrations in the NMR b-lysine (10 g/mL) and laminin (10 g/mL) and were
samples were slightly reduced with the addition of pyridine,calltured for 7 daysn vitro in MACS neuro media
fact that was taken into accounted during analysis. supplemented with B27 (Life tech 12587010, Carlsbad, CA),
Click Conjugation of QDs with -TrkB and BDNFThe 10% FBS (Genesee Sci 25-514H, San Diego, CA), and 0.02
various QD conjugates were prepared by reacting LA/His-g/mL BDNF (Peprotech 450-02, Rocky Hill, New Jersey).
PIMA-ZW/N;-coated QDs with-TrkB or BDNF proteins  Images were captured with ax 26bjective, Leica Sp8
labeled with dibenzocyclooctyne. QDs emitting at 633 nrlightning confocal microscope (Leica Microsystems). Images
were used for these experiments. were acquired at 5 or 10 min intervals after the BDNF-QDs
Preparation of -TrkB-QD Conjugates.-TrkB (20 g, were introduced into the live cultures at 3 nM. Phase contrast
0.143 nmol) wasrst reacted with DBCO-sulfo-NHS ester images were taken simultaneously, with excitation at 405 nm
(1.88 mM, 0.38L) in 100 L of HEPES buer (pH 7.4, 25  set to 2% power and emission spectrum set t&Z600hm.
mM) for 30 min at room temperature; this represents a 5-folédn average of four lines were taken per image, at 1024
molar excess of DBCO with respect to the antibody. An aliquagsolution.
of QD dispersion (12M, 8 L) was then added to the In Vivo Imaging of Drosophila melanogaster Em-
antibody solution, corresponding a QIDfkB molar ratio of  bryos. Drosophila melanogagtetbryos expressing nuclei-
1:1.5. The mixture was stirred atCl overnight, and the targeted greenuorescent protein (GFP) in all cells (Stock
conjugates were puwed using a PD-10 column. #1691, Bloomington Drosophila Stock Center NIH
Preparation of BDNF-QD Conjugatdsrst, lyophilized P400D018537) were prepared for the imaging experiments
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