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Abstract

Fluorescent semiconductor nanoparticles, or quantum dots, have become a promising platform for 

the engineering of biofunctional probes for a variety of biomedical applications, ranging from 

multicolor imaging to single-molecule tracking to traceable drug delivery. Advances in 

organometallic synthesis have enabled preparation of hydrophobic quantum dots with high 

quantum yields and narrow size distribution, offering bright optical materials with narrow size-

tunable emission profiles. At the same time, polymer encapsulation procedures provided a simple 

and versatile methodology for transferring hydrophobic nanoparticles into physiologically-

relevant aqueous buffers. Taken together, hydrophobic nanoparticle platforms and polymer 

encapsulation should offer great flexibility for implementation of novel probe designs. However, 

the success of the encapsulation and purification depends on many factors often overlooked in the 

scientific literature, such as close match between nanoparticle and polymer physicochemical 

properties and dimensions, slow dynamics of polymer arrangement on the nanoparticle surface, 

and the size and charge similarity of resultant polymer-coated quantum dots and empty byproduct 

polymer micelles. To make this general hydrophobic nanoparticle modification strategy accessible 

by a broad range of biomedical research groups, we focus on the important technical aspects of 

nanoparticle polymer encapsulation, purification, bioconjugation, and characterization.
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1. Introduction

Advances in bio-nanotechnology are introducing novel nanoscale materials with unique 

chemical and physical features potentially useful for advancing existing and creating new 

biomedical applications. Quantum dots (QDots), fluorescent semiconductor nanoparticles 

introduced to biomedical research nearly two decades ago,[1] have catalyzed development of 

such directions as single-cell molecular profiling,[2,3] real-time molecule tracking,[4] in vivo 
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molecular imaging,[5] and traceable drug delivery.[6,7] This rich functionality stems from a 

number of unique photo-physical and chemical properties possessed by QDots. Most 

notably, narrow size-tunable emission profiles featured by nanoparticles of the same 

composition, efficient light absorption over a broad spectral range, outstanding 

photostability, and relatively small size comparable to that of large proteins make QDots a 

versatile and resourceful imaging probe for examination of biological systems.[8]

Despite a number of attractive features and innovative proof-of-concept studies published to 

date, QDot technology has made little impact on biomedical discoveries. One factor 

contributing to the lack of technology adoption is complexity of QDot probe engineering 

and preparation. A number of water-soluble QDots currently available from commercial 

sources offer a simple off-the-shelf solution to this issue, but only cover basic imaging and 

detection applications and often prove sub-optimal for implementation of custom probe 

designs and development of novel methodologies. In this regard, high-quality QDots 

synthesized via organometallic procedure[9] in non-polar solvents and stabilized with 

hydrophobic surface ligands represent a more versatile platform. The hydrophobic nature 

makes such nanoparticles incompatible with biologically-relevant assay conditions and 

requires further surface modification to render nanoparticles water-soluble. One approach, 

polymer encapsulation,[10,11] provides a desirable probe design flexibility, as custom 

hydrophilic coatings can be tailored to specific parameters and applications. However, many 

important aspects of QDot probe preparation have not been well described. In particular, 

non-intuitive size and charge similarity between polymer-encapsulated QDots and byproduct 

empty polymer micelles complicates probe purification and downstream application.

Given the lack of expertise working with nanoparticles in the biomedical research 

community, further discussion is warranted. To facilitate implementation of novel QDot 

probes by a broad range of biomedical research groups, we highlight critical steps in probe 

preparation, purification, bioconjugation, characterization, and purity control, which are 

often overlooked in the scientific literature.

2. Results and Discussion

2.1. Preparation of Water-Soluble QDots

Hydrophobic QDots were rendered hydrophilic via encapsulation with an amphiphilic 

polymer poly(maleic anhydride-alt-1-tetradecene) (PMAT, MW=9,000 Da), a robust 

nanoparticle polymer encapsulation procedure described by Pellegrino et al.[11] The general 

procedure consisted of three main steps (Figure 1): polymer encapsulation of hydrophobic 

QDots with PMAT, cross-linking of a portion of the maleic anhydrides in the polymer shell, 

and rendering particles hydrophilic via hydrolysis of the remaining maleic anhydride 

moieties into negatively-charged carboxylic acid groups. Through application of this 

procedure for the preparation of stable water-soluble QDots, several key technical aspects 

lacking detailed examination in the scientific literature were identified.

Polymer encapsulation was achieved by dissolving hydrophobic QDots in chloroform, 

mixing with excess of PMAT, and evaporating the solvent. Up to 10% methanol was added 

to aid in dissolution of the polymer anhydride groups and promote QDot-PMAT self-

Zrazhevskiy et al. Page 2

Part Part Syst Charact. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assembly upon chloroform evaporation. Consisting of alternating aliphatic side-chains on a 

maleic anhydride backbone, PMAT self-assembled onto the hydrophobic QDot core as the 

polarity of the solvent increased. As complex dynamic self-assembly of a linear polymer on 

a 3-dimensional nanoparticle surface had to occur for proper encapsulation, extended 

reaction time and slow solvent evaporation were beneficial. In contrast to prevailing practice 

of employing sonication for enhanced nanoparticle/polymer mixing, we determined this 

technique inappropriate for handling of hydrophobic QDots at any stage of the polymer 

encapsulation procedure, as even brief treatment in a bath sonicator led to severe loss of 

QDot fluorescence (Figure S1) and subsequent particle aggregation. We attribute this effect 

to the disruption of labile small-ligand passivation layer on the QDot surface and exposure 

of surface trap sites,[12] which lead to fluorescence quenching, nanocrystal degradation, and 

loss of colloidal stability. Brief mild mixing proved more suitable for preparation of 

polymer-coated QDots.

Cross-linking of individual polymer chains on the QDot surface was performed via a 

spontaneous reaction between anhydride groups and a diamine cross-linker 2,2′-

(Ethylenedioxy)bis(ethylamine). PMAT shell cross-linking was determined to be an 

essential step in preparation of stable water-soluble QDots amenable to a wide range of 

conditions used for further bioconjugation and bioassays. While polymer encapsulation 

without cross-linking could also produce water-soluble particles, downstream chemical 

modification of such particles often resulted in severe aggregation due to exposure of 

hydrophobic patches and unbound PMAT chains on the QDot surface. Cross-linking of 

individual polymer chains together presumably formed a more stable network-like shell 

around each nanoparticle, preventing dissociation of polymer chains and providing a more 

complete coverage of the hydrophobic surface.

Rendering of polymer-coated QDots water-soluble was achieved by hydrolysis of maleic 

anhydride groups in an aqueous buffer with basic pH (50 mM Borate buffer, pH 8.5). 

Buffers with neutral and acidic pH failed to provide a sufficient rate of hydrolysis, driving 

slow dissolution of QDots with hydrophobic surface patches into an aqueous environment, 

which eventually led to QDot aggregation. A similar effect was also observed with highly 

basic buffers when quick dissolution of polymer-coated QDots was forced by rigorous 

vortexing or sonication, likely due to insufficient time provided for complete hydrolysis of 

anhydride groups and proper re-arrangement of the polymer on the QDot surface. Therefore, 

slow QDot-PMAT dissolution in a basic aqueous buffer under mild shaking was determined 

to be the only acceptable route for preparation of well-stabilized single QDots. Following 

complete hydrolysis and dissolution polymer-coated QDots could be successfully transferred 

to variety of aqueous buffers ranging from pH 4 to pH 9, offering good stability in common 

bio-conjugation procedures and bioassays.

Retention of the native hydrophobic surface coating beneath the polymer shell proved 

beneficial for shielding of the nanoparticle core from the aqueous environment and 

preservation of the QDot optical properties. Spectrophotometry and fluorometry analysis 

confirmed the unperturbed light absorption and photoluminescence QDot characteristics 

(Figure 2a). Notably, PMAT-coated QDots typically featured nearly unchanged quantum 
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yield (QY) of 50–55%, as compared to 60% QY recorded for hydrophobic QDots in 

chloroform.

Preparation of single stable QDots via the polymer encapsulation approach relies on the 

selection of a compatible polymer. In addition to amphiphilic surfactant-like properties, such 

polymers should feature a suitable hydrophobic interface for a strong non-disrupting 

interaction with QDot surface ligands and have physical dimensions consistent with a 

nanoparticle size. PMAT satisfied these requirements when used for encapsulation of 

hydrophobic QDots stabilized by aliphatic surface ligands (such as trioctylphosphine oxide, 

TOPO, and octadecylphosphonic acid, ODPA, used here[13]). In particular, the 12-carbon 

atom side-chains of PMAT matched well the 8-carbon chains of TOPO and 18-carbon 

chains of ODPA, forming a tight hydrophobic interface via chain intercalation when 

exposed to an aqueous environment. At the same time, the nanoparticle physical dimensions 

(about 5–6 nm core size for red-emitting QDots studied here, Figure 2b) were matched by 

the native PMAT micelle size (Figure 2c), facilitating natural arrangement of the polymer 

around single nanoparticles. Resulting water-soluble particles featured a hydrodynamic 

diameter of about 13–15 nm (Figure 2d), which was consistent with the expected size of 

single polymer-coated QDots. Additionally, high-magnification fluorescence microscopy 

was employed to verify the absence of QDot aggregation, as single QDots can be clearly 

identified by their characteristic “blinking” behavior[14] (i.e. single QDots exhibit 

intermittency in fluorescence emission upon continuous illumination, while QDot 

aggregates on average stay always “on”). In contrast, larger polymers with a similar 

chemical structure (such as commonly used poly(maleic anhydride-alt-1-octadecene), 

PMAO, Mn=30,000–50,000 Da) often bridge multiple nanoparticles together, producing 

small QDot clusters, rather than individual polymer-coated QDots, and, therefore, might 

represent a suitable material of choice for encapsulation of larger nanoparticles.

2.2. QDot Purification and Purity Control

QDot probe engineering often involves further surface modification and bioconjugation. 

Therefore, the polymer-coated QDot solution must be completely purified of excess polymer 

and cross-linker. Surprisingly, purification methods based on separation by size commonly 

referred to in the scientific literature, such as fractionation with Superdex-75 gel column and 

ultrafiltration with 100,000 Da molecular weight cut-off concentrators, failed to remove 

excess polymer from the sample, even though such methods were believed to be suitable for 

removing relatively small polymer molecules. Instead, ultra-centrifugation was found to be 

the most suitable method for preparation of highly pure QDot-PMAT samples. The 

substantially higher density of the nanoparticle inorganic core led to efficient segregation of 

QDots into a soft pellet upon ultra-centrifugation at 45,000 rpm for 60 minutes, leaving 

excess polymer and cross-linker in the supernatant, which could then be easily discarded.

Unexpectedly poor performance of conventional purification methods based on fractionation 

by size and/or charge might be explained by the spontaneous formation of stable high-

molecular weight polymer micelles with physicochemical characteristics similar to those of 

PMAT-coated QDots (Figure 3a). In fact, gel electrophoresis and dynamic light scattering 

(DLS) studies appeared to corroborate this conclusion. When examined with agarose gel 
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electrophoresis, free PMAT traveled slightly faster, yet very closely to PMAT-coated QDots 

(Figure 3b), consistent with the expectation that both species have similar surface charge 

density and the smaller hydrodynamic size of PMAT micelles (Figure 2c,d). Similarly, DLS 

analysis of non-purified QDot-PMAT samples yielded size distribution curves dominated by 

PMAT micelles and failed to accurately determine QDot size (Figure 3c).

It should be noted, that QDots could be readily detected and tracked by the bright red 

fluorescence upon illumination with a UV or blue-light lamp, yet weak PMAT fluorescence 

did not permit direct observation of the contaminating polymer in the QDot sample, further 

hindering assessment of sample purity. We identified SYBR Gold Nucleic Acid stain, 

commonly used for DNA and RNA staining, as a suitable reporter for detection of PMAT. 

Analogous to nucleic acid labeling, SYBR Gold produced bright green fluorescence upon 

binding to hydrolyzed PMAT, presumably due to electrostatic interaction with a negatively-

charged polymer backbone. As a result, this methodology proved instrumental for a 

straightforward analysis of QDot sample purity with gel electrophoresis, a technique widely 

accessible to biomedical research laboratories.

Fluorometry was employed as a more sensitive tool for QDot purity control purposes. In 

developing this method, we took advantage of PMAT producing weak, yet characteristic 

fluorescence peak at 430 nm when excited by a 350 nm source (Figure 3d). Since 

fluorescence of the polymer absorbed onto QDot surface was suppressed, free contaminating 

PMAT could be selectively detected with sensitivity down to 10 μM in both non-polar 

solvents and aqueous buffers. At the same time, spectral separation of PMAT and QDot 

fluorescence peaks allowed for accurate polymer detection in a QDot/PMAT sample, despite 

QDots featuring 4–5 orders of magnitude brighter photoluminescence under identical 

concentration and measurement parameters. Using the fluorometry-based purity control 

strategy we confirmed the preservation of QDot optical properties (fluorescence intensity 

and profile) before and after purification (Figure 3e), detected presence of a free PMAT 

peak in a non-purified QDot-PMAT sample, and demonstrated its complete disappearance 

after proper purification via ultra-centrifugation (Figure 3f).

2.3. Shielding of the QDot Surface Charge

Biological assays often involve analysis of complex specimens featuring a wide range of 

molecular interactions. As a result, high negative surface charge might hamper use of 

PMAT-coated QDots in such applications. For example, fluorescence imaging studies often 

involve labeling of molecular targets in complex biological specimens, such as fixed cells 

and tissues, and require access to intracellular as well as cell-surface targets. Such access 

can be achieved by permeabilization of fixed specimens with charged (e.g. DTAC and SDS) 

and non-ionic (e.g. Triton X-100 and Tween-20) detergents, but removal of natural lipid 

barriers eliminates the negative charge on the cell surface and opens access to a variety of 

electrostatic and hydrophobic interactions, rendering PMAT-coated QDots inapplicable for 

staining of fully processed specimens. This issue is commonly resolved by the deposition of 

a layer of non-fouling material (most often poly(ethylene glycol), PEG) for shielding of the 

negatively-charged QDot surface,[15] which, however, results in the increased nanoparticle 

size and impeded bioconjugation efficiency. Zwitterionic QDot surface coatings,[16] on the 
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other hand, impede off-target binding to the biological specimens by creating thin richly 

hydrated shells, thus offering a potentially superior surface modification strategy. Yet, 

implementation of zwitterionic surface coatings via polymer encapsulation procedure has 

not been examined in details.

To produce QDot-PMAT particles with a zwitterionic surface we took advantage of the high 

density of carboxylic acid groups on the nanoparticle surface, which served as anchors for 

covalent conjugation of a number of ligands containing primary amines. Specifically, a 

fraction of carboxylic acid groups was converted to positively-charged quaternary amine 

moieties via EDC-mediated conjugation with (2-Aminoethyl) trimethylammonium chloride 

(Figure S2a), yielding nanoparticles with an overall neutral or slightly negative charge 

(Figure S2b). Due to excellent stability of cross-linked QDot-PMAT particles, high excess 

of reagents and extended incubation time could be used to achieve nearly 50% modification 

yield in an aqueous buffer. Over-modification with charge inversion was rarely observed, 

indicating that the reaction could self-terminate upon reaching a certain level of 

modification, likely due to steric hindrance and electrostatic repulsion between positively-

charged quaternary amines. In contrast to unmodified PMAT-coated QDots, which exhibited 

strong off-target binding to detergent-treated formalin-fixed cells (Figure S2c), zwitterionic 

particles featured a dramatically reduced interaction with the specimen (Figure S2d), thus 

presenting a more optimal nanoparticle platform for this application.

In an alternative approach, we adapted the PMAT encapsulation procedure to a zwitterionic 

amphiphilic polymer PMAL-C8 (poly(maleic anhydride-alt-1-decene) substituted with 3-

(dimethylamino)propylamine), which featured not only a pre-modified zwitterionic surface, 

but also shorter C8 hydrophobic side-chains (Figure S3a), yielding compact deposition of 

the polymer on the QDot surface and producing stable neutrally-charged particles without 

further cross-linking and modification (Figure S3b). Preparation of stable PMAL-coated 

QDots relied on the close structure and size similarity between the two polymers. Featuring 

nearly identical native micelle dimensions (Figure S3c), both PMAT and PMAL-C8 

produced hydrophilic QDots with closely matching hydrodynamic size distributions (Figure 

S3d). Interestingly, zwitterionic nanoparticles exhibited outstanding colloidal stability in 

polar organic solvents, such as 100% DMF and DMSO, enabling exploration of alternative 

bioconjugation procedures in a water-free environment. Consistent with the expected non-

fouling behavior of zwitterionic surfaces, PMAL-coated QDots demonstrated only a 

minimal off-target binding to detergent-treated formalin-fixed cells (Figure S3e), providing 

an alternative platform for preparation of hydrophilic QDots for cell and tissue staining 

applications.

2.4. Preparation of Universal Biofunctional QDot Probes

PMAT-coated QDots provide a stable and flexible platform for preparation of biofunctional 

probes via direct covalent conjugation of amine-containing ligands to carboxylic acid 

groups. Despite the limitations discussed above, negatively-charged nanoparticles have 

demonstrated utility in a variety of applications, including immunoassays,[17] fluorescence 

resonance energy transfer (FRET) studies,[18] and live cell imaging,[7,19] producing target-

specific labeling on predominantly uncharged or negatively charged specimens. Target 
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recognition functionality is imparted by decorating QDots with targeting moieties, most 

commonly immunoglobulin G (IgG) antibodies. Covalent QDot-IgG bioconjugation 

routinely employed for this purpose,[3,20] however, often proves cost-prohibitive and 

complex. Instead, universal biofunctional QDot probes featuring a straightforward 

methodology and reduced costs might be more adaptable for a broad range of biomedical 

researchers. Here, we employed covalent conjugation with protein G (PrG) to make QDots 

capable of binding variety of intact antibodies via PrG/antibody self-assembly[21] for on-

demand preparation of targeted QDot-antibody probes (Figure 4a).

Universal QDot probes were prepared by covalently linking adaptor PrG molecules to the 

surface of PMAT-coated QDots at various PrG-to-QDot ratios. The abundance of carboxylic 

acid groups facilitates straightforward EDC-mediated deposition of variety of proteins onto 

QDot surface under gentle reaction conditions in aqueous buffers (Figure 4b). Importantly, 

even slight molar excess of PrG-to-QDot of 5:1 produced PrG-decorated nanoparticles 

(Figure 4c), reducing waste of reagents and aiding in probe purification. Further increase in 

molar excess of PrG in a reaction mixture directly translated into increased number of PrG 

molecules conjugated to each QDot, as could be observed from the slower migration of 

QDot-PrG probes in agarose gel (Figure 4c). At the same time, excessive QDot surface 

decoration by PrG led to an undesirable increase of the probe hydrodynamic size (up to 30 

nm in diameter) and, thus, was avoided. Antibody-binding functionality of the universal 

QDot-PrG probes was confirmed by QDot self-assembly with rabbit anti-mouse secondary 

antibodies and detection of the larger QDot-PrG-IgG assembly by gel electrophoresis 

(Figure 4d).

Biofunctionality of the universal QDot-PrG probes was evaluated by immunofluorescence 

labeling of the clinically-relevant cell surface target, prostate-specific membrane antigen 

(PSMA), on PSMA-positive formalin-fixed prostate cancer LNCap cells (Figure 5). The 

specimen was first incubated with primary mouse anti-PSMA antibodies, which specifically 

recognized this protein on the cell surface. Then, cell-bound primary antibodies were labeled 

by QDots decorated with anti-mouse secondary antibodies for examination with 

fluorescence microscopy. Test QDot probes were produced by self-assembly between 

PMAT-coated QDot-PrG bioconjugates and unmodified rabbit anti-mouse IgG via simple 

mixing prior to cell labeling. The reference sample was labeled with commercial PEGylated 

QDots covalently functionalized with goat anti-mouse F(ab′)2 fragments. Notably, both test 

self-assembled QDot-PrG-IgG probes (Figure 5a) and reference covalent QDot-F(ab′)2 

conjugates (Figure 5b) produced identical cell membrane staining characteristic for PSMA 

cellular localization. At the same time, neither QDot-PrG-IgG (Figure 5c) nor reference 

QDot-F(ab′)2 (Figure 5d) probes produced any detectable off-target binding in control 

specimens (not treated by PSMA-targeting primary antibodies), confirming high staining 

specificity. Cell staining results highlighted the utility of universal PMAT-coated QDot-PrG 

probes for specific labeling of surface targets in formalin-fixed non-permeabilized cells 

despite having a negatively-charged nanoparticle surface, expanding the scope of potential 

applications employing QDot-based detection and imaging.
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3. Conclusion

The availability of a stable and versatile biofunctional QDot platform is essential for 

successful probe development satisfying design criteria of existing and emerging biomedical 

applications. One version of such a platform presented here employs a robust polymer-

encapsulation methodology supplemented by surface stabilization and modification 

strategies, offering a simple general approach to preparation of water-soluble nanoparticles. 

Further QDot decoration with an adaptor protein, such as protein G, converts “inert” 

nanoparticles into universal fluorescent probes, which upon self-assembly with primary 

antibodies yield target-specific probes applicable for molecular detection and imaging in a 

variety of bioassays. The success of the overall procedure depends on many factors often 

overlooked in the scientific literature, such as close match between QDot and polymer 

physicochemical properties and dimensions, gentle handling of unstable hydrophobic 

nanoparticles, slow dynamics of polymer arrangement on the nanoparticle surface, and use 

of purification methods based on fractionation by particle weight rather than size or charge 

(as these parameters are similar between polymer-coated nanoparticles and empty polymer 

micelles). In-depth examination of these technical aspects should make QDot probe 

preparation broadly accessible to a biomedical research community and facilitate 

development of novel bioassays employing unique features of the QDot technology.

4. Experimental Section

QDot Encapsulation with PMAT

Hydrophilic biofunctional QDots were prepared from high-quality hydrophobic 

CdSe/CdS/ZnS nanoparticles obtained from a commercial source, Ocean Nanotech. QDot 

powder was dissolved in chloroform by a mild agitation in the dark to a final concentration 

of 1–5 μM. Due to labile nature of surface ligands on hydrophobic nanoparticles, sonication 

and prolonged exposure to light were avoided. An amphiphilic polymer poly(maleic 

anhydride-alt-1-tetradecene) (PMAT, MW=9,000 Da, Sigma-Aldrich) was dissolved in 9:1 

chloroform/methanol to a final concentration of 10 mM. Polymer encapsulation was 

performed by combining QDot solution with a 1,000 molar excess of PMAT, mixing by 

mild vortexing, and slowly drying overnight under mild vacuum. Then, dry QDot/PMAT 

film was dissolved in 9:1 chloroform/methanol, mixed with 1,000 molar excess of a cross-

linker (2,2′-(Ethylenedioxy)bis(ethylamine), Sigma Aldrich), and allowed to slowly dry 

under mild vacuum overnight. Finally, cross-linked QDot/PMAT film was slowly dissolved 

in 50 mM Borate buffer (pH 8.5) under mild agitation, producing highly negatively-charged 

water-soluble nanoparticles.

QDot Encapsulation with PMAL-C8

Hydrophilic QDots with a zwitterionic surface were prepared by encapsulation of 

hydrophobic nanoparticles with an amphiphilic polymer poly(maleic anhydride-alt-1-

decene) substituted with 3-(dimethylamino)propylamine (PMAL-C8, MW=18,500 Da, 

Anatrace). Hydrophobic QDot powder was dissolved in chloroform by a mild agitation in 

the dark to a final concentration of 1–5 μM. A stock solution of 10 mM PMAL-C8 was 

prepared by dissolving polymer powder in chloroform. Polymer encapsulation was 
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performed by combining QDot solution with a 1,000 molar excess of PMAL-C8, mixing by 

mild vortexing, and slowly drying overnight under mild vacuum. QDot/PMAL film was 

then slowly dissolved in 50 mM Borate buffer (pH 8.5) under mild agitation, producing 

stable water-soluble particles with an overall nearly neutral surface charge.

Modification of QDot-PMAT Surface Charge

The high negative surface charge of PMAT-coated QDots was efficiently reduced by partial 

modification of carboxylic acid groups with positively-charged quaternary amine groups. 

Specifically, 1μM PMAT-coated QDots were reacted with 10,000 or 100,000 molar excess 

of (2-Aminoethyl) trimethylammonium chloride (Sigma-Aldrich) in the presence of 100,000 

molar excess of (N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (Sigma-

Aldrich) overnight, yielding stable water-soluble particles with weakly negatively-charged 

or neutrally-charged surface coatings.

QDot Purification

Polymer-coated QDots were purified by 2–3 rounds of ultracentrifugation at 45,000 rpm for 

60 minutes each using Beckman Coulter Optima TLX ultracentrifuge and TLA110 rotor. 

Soft pellet (100–150 μL) was collected each time and re-suspended in 50 mM Borate buffer, 

while the supernatant was discarded. Finally, QDots were filtered through a 0.22 μm syringe 

filter and stored at about 1μM stock concentration in Borate buffer. Sample purity was 

confirmed by agarose gel electrophoresis (lack of PMAT band) and fluorometry (lack of 430 

nm PMAT fluorescence peak upon 350 nm excitation). The overall yield was determined to 

be 50–65%.

Bioconjugation with a Universal Protein G Adaptor

PMAT-coated QDot probes were functionalized with universal protein G adators (PrG, 

recombinant PrG expressed in E. coli, Sigma-Aldrich) via covalent cross-linking of the 

carboxylic acid groups on the QDot surface with exposed primary amine moieties on protein 

G. QDots were briefly activated with 5,000–10,000 molar excess of EDC and incubated 

with 1–20 molar excess of PrG in 50 mM Borate buffer overnight at room temperature. PrG-

to-QDot excess of 10:1 typically produced sufficient degree of bioconjugation. QDot-PrG 

probes were purified by 5 rounds of ultrafiltration with 100 kDa MWCO concentrators (GE 

Healthcare) and resuspended in Borate buffer at about 1 μM stock concentration for storage 

at 4°C.

Transmission Electron Microscopy

TEM was performed on FEI Tecnai G2 F20 TWIN 200kV TEM using Gatan Digital 

Micrograph software at the University of Washington Nanotechnology User Facility. TEM 

sample was prepared by drop casting 10–20 μl QDots dissolved in hexane onto Formvar-

coated copper grids and drying under ambient conditions.

Dynamic Light Scattering (DLS)

Nanoparticle and polymer micelle sizes were measured by light scattering analysis 

performed on a NanoZS nanoparticle zetasizer (Malvern Instruments). The average of the 
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number-weighted size distributions obtained from three separate measurement runs are 

reported.

Characterization of Optical Properties

A UV-2450 spectrophotometer (Shimadzu) was used to obtain the QDot and PMAT light 

absorption profiles and estimate QDot concentration based on the method reported by Peng 

and coworkers.[22] A Fluoromax4 fluorometer (Horiba Jobin Yvon) was used for 

characterization of QDot and PMAT emission spectra. QDot quantum yield was determined 

in reference to Cresyl Violet Acetate (Sigma-Aldrich) in Methanol (QY=54%).

Agarose Gel Electrophoresis

Agarose gel electrophoresis was used for evaluation of QDot surface modification and 

bioconjugation efficiency. Additionally, gel electrophoresis was employed for purity control 

purposes via detection of a free PMAT band in a sample. Electrophoresis was performed on 

1% agarose gel in 1x TBE buffer at 100V for 1 hour. QDot bands could be readily detected 

by bright fluorescence when illuminated by a UV lamp. PMAT was stained with SYBR 

Gold (Invitrogen) and produced characteristic green fluorescence when illuminated by a 

blue light source (450–500 nm range).

Cell Culture

PSMA-positive human prostate cancer LNCap cells (ATCC) were used as a model 

biological specimen for QDot target labeling studies. Cells were grown in glass-bottom 24-

well plates (Greiner Bio-One) for 2–3 days to a density of ~60% in a humidified atmosphere 

at 37°C with 5% CO2. RPMI-1640 culture medium with L-Glutamine and 25mM HEPES 

(Lonza) supplemented with 10% Fetal Bovine Serum (PAA Laboratories) and antibiotics 

(60 μg/mL streptomycin and 60 U/mL penicillin) was used. For IF staining of PSMA, cells 

were fixed with 4% formaldehyde in TBS (prepared from methanol-free 16% stock, Thermo 

Scientific) for 20 min at room temperature and washed with 1x TBS. For examination of 

QDot non-specific binding to permeabilized specimens, cells were further treated with 2% 

DTAC/TBS (Dodecyltrimethylammonium chloride, Sigma-Aldrich) for 20 min and 0.25% 

TritonX-100/TBS (prepared from 10% stock, Thermo Scientific) for 5 min and washed with 

TBS. Fixed cells were stored in TBS at 4°C.

Immunofluorescence

Monoclonal mouse antibodies against prostate-specific membrane antigen (PSMA, Sigma-

Aldrich) were used for specific targeting of the membrane of formalin-fixed non-

permeabilized PSMA-positive prostate cancer LNCap cells. Specimen was blocked by 2% 

BSA-TBS (from Bovine Serum Albumin powder, Sigma-Aldrich) for 30 min and incubated 

with 5 μg/mL anti-PSMA IgG in 2% BSA-TBS for 1 hour. Control specimens were 

incubated with 2% BSA-TBS buffer alone. Following washing with TBS, cells were labeled 

with either 10 nM polymer-coated QDot-PrG probes pre-assembled with secondary rabbit-

anti-mouse antibodies (Sigma-Aldrich) at 3:1 QDot:IgG excess or 5 nM reference QDots 

functionalized with secondary F(ab′)2 antibodies (Qdot goat F(ab′)2 anti-mouse IgG 

conjugates (H+L), Invitrogen) in 6% BSA-TBS for 1 hour. All staining steps were 
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performed directly inside the wells of glass-bottom 24-well plate at ambient conditions. 

Fluorescence microscopy was performed immediately following staining.

Evaluation of QDot Non-Specific Binding to Permeabilized Specimens

Formalin-fixed LNCap cells permeabilized with cationic detergent DTAC and non-ionic 

detergent TritonX-100 were used for this study. Permeabilization disrupts native negatively-

charged cell surface and opens access to a number of strong electrostatic interactions 

between the specimen and negatively-charged PMAT-coated QDots. To study the effect of 

PMAT modification with quaternary amine compounds as well as evaluate the behavior of 

an alternative zwitterionic encapsulation polymer PMAL-C8, cells were pre-blocked with 

2% BSA-TBS for 30 min and incubated with 4 nM QDot-PMAT, QDot-PMAT-N+, or 

QDot-PMAL particles in 2% BSA-TBS for 1 hour at ambient conditions. Unbound QDots 

were removed by 4 rounds of washing with TBS, and non-specific labeling intensity was 

evaluated with fluorescence microscopy.

Fluorescence Microscopy

IX-71 inverted fluorescence microscope (Olympus) equipped with a true-color CCD 

(QColor5, Olympus) was used for cell imaging. Low-magnification images were obtained 

with 10x dry objective (NA 0.40, Olympus) and high-magnification with 100x oil-

immersion objective (NA 1.40, Olympus). Wide UV filter cube (330–385 nm band-pass 

excitation, 420 nm long-pass emission, Olympus) was used for imaging of all QDot probes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of QDot polymer encapsulation procedure. Bright monodisperse QDots are 

stabilized by organic surface ligands, which render nanoparticles hydrophobic. Incubation of 

such nanoparticles with a size-matched amphiphilic polymer drives the polymer self-

assembly onto QDot surface via hydrophobic interaction of QDot surface ligands and 

polymer aliphatic side chains. Spontaneous reaction between maleic anhydride groups and 

di-amine compounds cross-links adjacent polymer chains together, yielding a stable coating. 

Finally, hydrolysis of the remaining anhydride groups in an aqueous buffer produces a 

highly negatively-charged hydrophilic shell around the nanoparticle optically active core, 

which is protected from the environment by a hydrophobic bilayer.
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Figure 2. 
Characterization of polymer-encapsulated QDots. (a) Polymer encapsulation successfully 

preserved QDot optical properties, yielding consistent light absorbance (solid blue and red 

lines) and fluorescence emission (dotted blue and red lines) profiles between stock QDots in 

chloroform and polymer-encapsulated QDots in an aqueous buffer, respectively. Normalized 

absorbance and emission profiles are shown. (b) Stock hydrophobic QDots analyzed by 

TEM featured an average core diameter of 5–6 nm, which matched well the native PMAT 

micelle size in an aqueous buffer of about 5.5 nm measured by DLS (c, red curve). 

Interestingly, PMAT dissolved in chloroform failed to produce consistent DLS 

measurements (c, blue curve), likely due to lack of stable micelle formation in a non-polar 

solvent. (d) DLS analysis of polymer-encapsulated QDots confirmed good particle stability 

in an aqueous buffer and lack of aggregates, measuring a hydrodynamic size of PMAT-

coated QDots of about 13.3 nm (solid line) and cross-linked PMAT-coated QDots of about 

15.3 nm (dotted line).
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Figure 3. 
Purification of polymer-coated QDots and purity control strategies. (a) Polymer 

encapsulation procedure produces polymer-coated QDots along with an excess of “empty” 

polymer micelles, which feature surface functional groups similar to QDots and, therefore, 

compete with polymer-coated QDots in downstream bioconjugation and bioassays. 

Purification strategies taking this mimicry into account are required. (b) Detection of free 

PMAT micelles with agarose gel electrophoresis. Featuring similar surface charge density, 

but smaller size, PMAT traveled slightly faster than QDots. Presence of PMAT was detected 

in a non-purified sample by staining with SYBR Gold (lane 2), whereas purified QDots 

(lane 1) lacked a PMAT band. (c) Empty PMAT micelles also shifted DLS size distribution 

of a non-purified sample toward smaller size, hampering accurate measurement of 

nanoparticle size. Typical PMAT micelle and QDot sizes are indicated by green and red 

arrows, respectively. (d) Optical properties of PMAT in chloroform (blue curves) and an 

aqueous 50 mM Borate buffer (red curves). Polymer showed absorbance of light in 300–400 

nm range (solid lines) and blue fluorescence emission (dotted lines) peaking at 430 nm when 

excited at 350 nm. This feature proved instrumental in detecting free PMAT and evaluating 

the QDot purity. While fluorescence spectrum of polymer-coated QDots remained 

unchanged after purification (e), clearly detectable PMAT fluorescence peak in a non-

purified sample disappeared following purification (f). Interestingly, PMAT fluorescence 

intensity also dropped following deposition onto QDots (f, blue vs. purple curve), indicating 

suppression of the PMAT fluorescence by QDots in close proximity.
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Figure 4. 
Bioconjugation of polymer-encapsulated QDots. (a) Schematic of QDot-PrG covalent 

bioconjugation and QDot-PrG-IgG non-covalent self-assembly procedure for preparation of 

targeted QDot probes. (b–d) Characterization of quantum dot biofunctionalization with 

agarose gel electrophoresis. (b) Covalent conjugation of highly negatively-charged QDots 

with uncharged SA (lane 3) and PrG (lane 4) resulted in reduction in QDot gel motility. 

Interestingly, agarose gel produced distinct “ladder” for QDots with different number of SA 

molecules attached in lane 3, but failed to resolve bioconjugation stoichiometry for QDot-

PrG conjugates, which migrated as a single broader band in lane 4. Reference unconjugated 

QDots were loaded to lane 1, and control QDots treated with EDC alone were loaded to lane 

2. (c) Bioconjugation with increasing PrG:QDot excess from 1:1 (lane 2) to 5:1 (lane 3), 

10:1 (lane 4), and 20:1 (lane 5) deposited increasing number of PrG molecules onto each 

QDot, as evident from slow-down in gel motility of QDot-PrG bioconjugates. Reference 

unconjugated QDots were loaded to lane 1. (d) QDot functionalization with an IgG via PrG-

IgG binding further reduced QDot-PrG-IgG probe motility (lane 3) in comparison to QDot-

PrG probes (lane 2) and unconjugated QDots (lane 1). Loading well position is indicated by 

blue arrowhead on the left. Migration of QDots in the gel is indicated by an arrow on the 

right.
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Figure 5. 
Labeling of cell surface targets with QDot-PrG-IgG probes. Prostate cancer LNCap cells 

were grown on glass coverslides and briefly fixed with formaldehyde to preserve fragile cell 

surface proteins. Cells were first treated with primary mouse anti-PSMA antibodies and then 

incubated with either QDot-PrG probes pre-assembled with rabbit anti-mouse antibodies (a) 

or reference anti-mouse QDot-2′Ab conjugates (b). Both probes successfully produced 

characteristic cell membrane staining. At the same time, control specimens not treated with a 

primary antibody lacked any non-specific staining by either self-assembled anti-mouse 

QDot-PrG-IgG (c) or reference anti-mouse QDot-2′Ab probes (d). Scale bar, 50 μm.
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