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Abstract

Fluorescent nanodiamonds (FNDs) are promising bio-imaging probes compared with other 

fluorescent nanomaterials such as quantum dots, dye-doped nanoparticles, and metallic 

nanoclusters, due to their remarkable optical properties and excellent biocompatibility. 

Nevertheless, they are prone to aggregation in physiological salt solutions, and modifying their 

surface to conjugate biologically active agents remains challenging. Here, inspired by the adhesive 

protein of marine mussels, we demonstrate encapsulation of FNDs within a polydopamine (PDA) 

shell. These PDA surfaces are readily modified via Michael addition or Schiff base reactions with 

molecules presenting thiol or nitrogen derivatives. We describe modification of PDA shells by 

thiol terminated poly(ethylene glycol) (PEG-SH) molecules to enhance colloidal stability and 

biocompatibility of FNDs. We demonstrate their use as fluorescent probes for cell imaging; we 

find that PEGylated FNDs are taken up by HeLa cells and mouse bone marrow-derived dendritic 

cells and exhibit reduced nonspecific membrane adhesion. Furthermore, we demonstrate 

functionalization with biotin-PEG-SH and perform long-term high-resolution single-molecule 

fluorescence based tracking measurements of FNDs tethered via streptavidin to individual 

biotinylated DNA molecules. Our robust polydopamine encapsulation and functionalization 
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strategy presents a facile route to develop FNDs as multifunctional labels, drug delivery vehicles, 

and targeting agents for biomedical applications.

Graphical Abstract

Fluorescent nanodiamonds are encapsulated in biocompatible shells by simple and robust self-

polymerization of dopamine in mild basic aqueous solution. The polydopamine shells are 

modified with thiol terminated PEG molecules via Michael addition. PEGylated nanodiamonds 

with functionalized surfaces are used for cell imaging and monitoring DNA motion at the single-

molecule level.
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1. Introduction

Nano-sized materials are increasingly being developed for use in biology and medicine.[1] 

The recent emergence of fluorescent nanodiamonds (FNDs) has attracted significant interest 

for biomedical applications due to their unique optical properties.[2] The exceptional optical 

properties of FNDs arise from the presence of nitrogen-vacancy (NV) centers, which are 

localized defect sites comprising a lattice vacancy adjacent to a substitutional nitrogen in the 

crystalline diamond lattice.[3] NV centers show extraordinary photostability without 

photobleaching or photoblinking. They emit red to near infrared (NIR) fluorescence (~650 

to 900 nm) and are excited broadly in the green wavelength (~530 nm) with high quantum 

efficiency.[4] The NIR fluorescence is distinct from cell or tissue auto-fluorescence and 

exhibits reduced absorption by hemoglobin, water, and proteins.[5] The large Stokes shift of 

FNDs improves in vivo imaging by reducing the background from biological tissues and 

cells.[6] FNDs also have a long fluorescence lifetime (~20 ns), which enables fluorescence 

imaging of single FNDs in cells and organisms by time gating.[7] In addition to their 

superior optical properties, multiple studies have established the biocompatibility of FNDs 

in numerous biological systems.[8] Due to their remarkable physicochemical properties, 
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FNDs have been used in biomedical imaging, drug delivery, sensing, and bio-compatible 

composite materials.[9]

Although FNDs offer a multitude of possibilities for biomedical applications, the realization 

of these possibilities is hampered by limitations arising from their inherent surface 

properties. For example, FNDs tend to aggregate at physiological salt conditions,[10] which 

limits their biological applicability. To improve the colloidal stability and to facilitate 

conjugation of biomolecules to FNDs requires surface modification. Therefore, the reliable 

and efficient surface modification of FNDs is a critical prerequisite for biomedical 

applications.

Several covalent or noncovalent FND surface modification approaches have been reported 

including reduction, oxidation, hydrogenation, chlorination, amination, and electrostatic 

coupling of surface groups.[4a,11] Recently, encapsulation of FNDs into silica shells has been 

described as a promising strategy to enhance colloidal stability in biological conditions and 

facilitate bioconjugation on the surface of silica shells.[12] Despite these efforts, there are 

still concerns regarding long term stability and difficult processing steps.

Dopamine (DA), 3,4-dihydroxyphenethylamine, is a well-known molecular mimic of mussel 

foot protein.[13] It self-polymerizes in basic solutions and the resulting polydopamine (PDA) 

can deposit onto inorganic and organic surfaces including noble metals, oxides, polymers, 

semiconductors, and ceramics.[14] PDA, which is a major pigment in naturally occurring 

eumelanin, has attracted attention due to its properties including adhesion, free radical 

quenching, metal ion chelation, large photoacoustic cross-section, and biocompatibility.[15] 

In addition, the presence of catechol/quinone groups on the PDA shell permits further 

reactions with amine or thiol containing molecules via Schiff base formation or Michael 

addition, respectively. The PDA encapsulation approach therefore provides a versatile 

platform for surface modification with a variety of functional molecules.[14a,16]

Here we develop a simple, robust, and reproducible encapsulation process to form PDA 

shells on FNDs. With this simple encapsulation method, the PDA shell thickness is reliably 

controlled by reaction time or dopamine concentration and FNDs of various sizes are 

efficiently encapsulated. Furthermore, the surface of the PDA shell is readily functionalized 

with thiol containing moieties via Michael addition. Employing this scheme, we 

functionalized the PDA shell with thiol terminated poly(ethylene glycol) (PEG-SH) 

molecules to address two outstanding limitations of FNDs. PEG coating (i) prevents FND 

aggregation as well as non-specific interactions with biological molecules and (ii) provides 

specific conjugation sites for a molecule of interest using heterobifunctional PEG molecules 

as linkers. We demonstrate PEG grafted PDA shells enhance FND solubility in high salt 

solutions, are stable over long storage times, and improve biocompatibility of FNDs in cells 

while preventing nonspecific adhesion to cell membranes. Finally, we show that PEG-biotin 

functionalized FNDs can be used as single-molecule fluorescent probes in a DNA tethered 

particle motion assay.
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2. Results and Discussion

2.1. Synthesis and characterization of PDA-encapsulated FND nanoparticles

The overall scheme for the encapsulation and functionalization of FNDs with PDA shells 

(FND@PDA) is described in Scheme 1. FNDs were successfully incorporated into PDA 

shells by oxidation and self-polymerization of dopamine hydrochloride in a mild basic 

aqueous solution (pH 8.5).[14a,16a] First, the size, shape, and optical properties of bare 80 nm 

(nominal diameter) FNDs were evaluated by transmission electron microscopy (TEM), 

dynamic light scattering (DLS), UV-Vis, and photoluminescence (PL) spectroscopy. The 

results indicate FNDs have irregular shapes, sharp edges, a broad size distribution, and a 

mean diameter of 128 nm from DLS measurements (Figure 1 and S1). In comparison, PDA-

coated FNDs (FND@PDA) have relatively smooth edges and the PDA shell could be 

directly observed by TEM due to differences in electron density between the FND and the 

PDA shell (Figure 1b). The diameter of FND@PDA measured by DLS increased to 153 nm 

(Figure S1). The PDA shell on FND was confirmed by Fourier transform infrared 

spectroscopy (FT-IR) (Figure 1c). Characteristic peaks observed in FND@PDA and 

PEGylated FND@PDA, but not in bare FND, at about 1506 and 1589 cm−1 correspond to 

the N–H shearing and bending vibrations of the amine group, respectively. The peak at 

around 1286 cm−1 is assigned to the phenolic C–O–H stretching vibration. The band at 2926 

cm−1 is characteristic of PEG. In addition, the surface charge of FND@PDA increased to 

−43.6 mV (compared to −32.6 mV for bare FND), attributed to the presence of the PDA 

shell on the surface of the FNDs (Table S4).

To investigate the influence of the PDA shell on the optical properties of FND, we measured 

the absorption and PL spectra of FND and FND@PDA (Figure 1d and 1e). Each PL 

spectrum was normalized by its maximum to obtain relative changes in the spectrum 

resulting from PDA encapsulation. The absorption of FND@PDA slightly increased 

compared with uncoated FND, whereas the PL spectral shape was unchanged by PDA 

encapsulation. Since PDA is a known fluorescence quencher,[17] we examined the PL 

efficiency of bare FND and FND@PDA at the single-FND level by total internal reflection 

fluorescence microscopy (TIRFM). FNDs with different sizes (20, 40, 80, and 150 nm 

nominal diameter) and processing history, were coated with PDA (Figure 2).[14b,18] The 

PDA shell thickness was approximately 4 nm for all FNDs under the reaction conditions (1 

hr reaction time with 1.42 mM DA) except for the 150 nm FNDs, which had a PDA shell 

thickness of 7.5 nm, likely due to the smaller surface area to volume ratio. These reaction 

conditions were optimized to produce the minimum PDA shell thickness that completely 

encapsulates the FND. Minimizing the PDA shell thickness results in smaller final particles 

and improves the brightness by reducing photoluminescence losses due to quenching and 

direct absorption by the PDA shell. All but one of the FND samples retained greater than 

75 % PL efficiency after PDA encapsulation.

One batch of 80 nm FNDs had significantly lower PL efficiency after PDA encapsulation 

(Table S2). To determine if this reduced PL efficiency was related to shell thickness, we 

controlled the PDA shell thickness by reaction time or DA concentration. The PDA shell 

thickness gradually increased as either the polymerization time or DA concentration were 
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increased (Figure 3). As expected, the PL efficiency of FND decreased as the PDA shell 

thickness increased (Table S3 and Figure S2). However, even when the PDA shell thickness 

was decreased to less than 3 nm (30 min reaction), the PL efficiency of FND@PDA was 

only 66 % of the PL efficiency of uncoated FND (Table S3). A possible explanation for 

lower PL after encapsulation for this sample is quenching of fluorescence from carbon dots 

on the surface of the 80 nm FNDs. Raw FNDs often contain a disordered carbon and 

graphitic shell that reduces the PL intensity.[19] Several oxidation processes such as 

treatment with acid, oxygen plasma, or potassium nitrate, have been developed to remove 

non-diamond carbon from the surface of the FNDs.[20] The 80 nm FND had been treated 

with acid, however, and acid treatment of FND at temperatures exceeding 100 °C has been 

reported to generate carbon dots, which have broad near IR PL emission, on the surface of 

the nanodiamonds.[21] We suspect that the surfaces of the 80 nm FNDs were decorated with 

carbon dots resulting from high temperature acid treatment and that emission from these 

carbon dots was quenched by the PDA shell, resulting in the reduction of PL intensity 

proportional to PDA shell thickness.

2.2. Synthesis and characterization of PDA-encapsulated FND nanoparticles

Both bare FND and FND@PDA are unstable and precipitate in physiological solutions, 

which limits their biomedical applications as imaging probes or drug delivery systems. 

Fortunately, the abundant catechol/quinine groups on the surface of the PDA shell can be 

functionalized with thiol containing groups via Michael addition under oxidizing conditions. 

We functionalized FND@PDA samples with thiol terminated poly(ethylene glycol) (PEG-

SH) and heterobifunctional PEGs such as poly(ethylene glycol) methyl ether thiol (mPEG-

SH) or alpha-biotin-omega-mercapto poly(ethylene glycol) (biotin-PEG-SH) to enhance 

dispersion and stability in physiological buffers, and to provide a convenient labeling 

scheme via the biotin-streptavidin (SA) linkage, while preserving the nontoxic nature of 

FND@PDA.[14a, 16c] Surface modification of FND@PDA was achieved by adding 2 kDa 

mPEG-SH or biotin-PEG-SH (4 mg) and 2 μL of NH4OH into a 10 mL suspension of 

FND@PDA (0.2 mg) in water. Functionalizing the FNDs with 2 kDa PEG prevented 

aggregation of particles. Based on previous reports, this molecular mass corresponds to an 

optimum PEG size that achieves stability while minimizing the overall particle size.[16c,22] 

PEG functionalized FND@PDA was purified by centrifugation.

The diameter of PEGylated FND@PDA increased from 138 to 143 nm (Figure S3). The 

zeta-potential decreased slightly from −43.6 to −39.7 mV due to the PEG molecules on the 

surface of PDA shell (Table S4). PEGylated FND@PDA remained stably dispersed for at 

least a month in PBS, whereas PDA-coated FNDs completely precipitated within 5 hr in 

PBS (Figure S4 and S5). The colloidal stability of PEGylated FND@PDA as a function of 

pH and ionic strength was investigated by DLS (Figure S5). The hydrodynamic diameter of 

PEGylated FND remained constant over the pH range of 4–10 in PBS buffer and at high 

ionic strength (1 M NaCl), indicating that PEGylated FND is colloidally stable over a broad 

range of pH and ionic strength. Introducing a second functional group into the PEG 

molecules allows further selective coupling reactions to attach specific functional molecules. 

Hence, surface modification of FND@PDA with heterobifunctional PEG (biotin-PEG-SH) 

facilitates not only enhancement of colloidal stability and biocompatibility, but also 
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attachment of SA conjugated molecules via the biotin-SA interaction. To determine the 

number of biotin molecules available on the surface of biotinylated FND@PDA particles, 

we measured their size by DLS as a function of SA concentration (Scheme S1, Figure S6, 

and S7). Tubes containing 100 μL of biotinylated FND@PDA (0.1 mg/mL) were mixed with 

SA to final concentrations ranging from 0 to 45 nM. Because tetrameric SA has four high-

affinity biotin binding sites, sub-saturating concentrations of SA relative to the effective 

biotin concentration on the FND@PDA particles induces aggregation. Conversely, saturating 

the surface biotins prevents aggregation of the biotinylated FND@PDA while slightly 

increasing the particle diameter due to conjugation of SA on the surface. The critical SA 

concentration at which biotinylated FND@PDA no longer aggregates is a good 

approximation of the concentration of surface bound biotins (Figure S6). We calculated the 

average number of biotins on each biotinylated FND@PDA surface to be approximately 340 

based on the measured diameter as a function of SA concentration. In control experiments 

with FND@PDA the hydrodynamic radius remained constant as a function of SA 

concentration, indicating that aggregation is specific and indicative of surface bound biotins 

(Figure S7).

2.3. Behavior of bare FND and PEGylated FND@PDA in cells

FNDs have been widely used in various biomedical applications due to their distinct 

physicochemical properties. However, materials intended for biomedical applications must 

be biocompatible. Although both FND and PDA are highly biocompatible materials,[8c,15h] 

we evaluated the biocompatibility of FND and PEGylated FND@PDA as a function of the 

concentration and incubation time using the (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium sodium salt (WST-1) cell viability assay with mouse bone 

marrow-derived dendritic cells (BMDCs) and HeLa cells. Dendritic cells are antigen 

presenting cells that capture, process, and present antigens, and trigger T-cell mediated 

immune responses.[23] Therefore, prior to biomedical applications of functionalized 

FND@PDA, it is crucial to ensure that surface modified FND@PDA particles do not elicit 

cell toxicity or immune responses in these cells. Neither bare FND nor PEGylated 

FND@PDA produced significant toxicity to BMDCs or HeLa cells for any of the tested 

concentrations or incubation times (Figure 4). These results are consistent with direct 

measures of cell morphology and proliferation obtained from microscopy of treated and 

control cells (Figure S8).

We further investigated differences between bare FND and PEGylated FND@PDA 

interacting with mouse BMDCs and HeLa cells via cell imaging experiments. Unmodified 

FND and PEGylated FND@PDA were dispersed in PBS buffer and added to the cell 

medium (50 μg/mL final concentration) for 16 hr. After washing the cells with PBS buffer, 

they were co-stained with either anti-mouse CD11c-FITC (BMDCs) or Phalloidin-Alexa 

Fluor 488 (HeLa), and DAPI to identify the membrane, cytoskeleton, and nuclei, 

respectively. We observed the cellular localization of the particles using a Zeiss LSM 880 

confocal microscope (Figure 5 and S9). The PEGylated FNDs were internalized into the 

cells (HeLa and BMDCs), whereas unmodified FNDs mostly adhered to the cell membrane. 

This difference in behavior is consistent with a scenario in which the low colloidal stability 

of unmodified FNDs results in aggregation in PBS buffer, whereas the PEGylated FNDs 
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remain stable in PBS and individual particles can be efficiently endocytosed by the cells. 

Cellular uptake of nanomaterials is strongly influenced by the energy required to drive active 

cellular transport.[24] Aggregated particles require significantly more energy to enter the cell 

and consequently exhibit greater nonspecific adhesion to the cell membrane than 

functionalized dispersed particles.

2.4. DNA tethering of biotin functionalized FND@PDA for single molecule tracking

FNDs have been considered as ideal single-molecule tracking probes due to their remarkable 

optical properties. However, it is necessary to specifically conjugate the FND to the targeted 

biomolecule to employ FNDs as fluorescent probes for single-molecule tracking. Biotin-SA 

interactions are widely used to conjugate biomolecules to probes due to the exceptionally 

high affinity of biotin to SA.[1a] Hence, we used biotin-PEG-SH to functionalize the PDA 

shell for SA bioconjugation with biotinylated biomolecules. To confirm the applicability of 

biotinylated FND@PDA as a single-molecule tracking probe, the tethered particle motion 

(TPM) of DNA attached to FND@PDA was investigated at the single-molecule level using a 

total internal reflection fluorescence microscope (Figure 6). The TPM method, in which the 

Brownian motion of a DNA-tethered bead is monitored by tracking the bead, can report 

biologically relevant conformational changes of individual DNA molecules.[25] Therefore, 

TPM has been frequently used to study the physical and mechanical properties of 

biopolymers such as nucleic acids and a variety of DNA-protein interactions including DNA 

looping and transcription.[26] Biotinylated FND@PDA was incubated with 90 nM excess of 

SA. After purification of SA-coated biotinylated FND@PDA by centrifugation to remove 

unbound SA, the particles were introduced to the sample cell and attached to biotinylated 

DNA (see methods for details). After washing out the unbound particles, DNA tethered 

biotinylated FND@PDA nanoparticles were characterized by acquiring successive images 

on an EMCCD camera (20 Hz). We found on average 18 tethered FNDs per field of view 

with biotinylated FND@PDA, whereas no tethers were observed with either FND@PDA or 

SA-treated FND@PDA (Figure 6a, c, and d. Video S1, S3, and S4 in the Supporting 

Information). These results confirmed the existence of biotin on the surface of the PDA 

shell. Moreover, we could track the 3-dimensional Brownian motion of DNA tethered 

biotinylated FND@PDA (Figure 6e).[26a,27] To test the long-term stability of biotinylated 

FND@PDA, we repeated the tethering reaction after storing biotinylated FND@PDA for 

three months in water at room temperature (Figure 6b and Video S2). The tethering 

efficiency of freshly prepared and stored biotinylated FND@PDA was comparable, 

demonstrating long-term stability of the PDA shell and the chemical linkage between the 

PDA shell and biotin-PEG-SH.

3. Conclusion

We present a simple and robust method to encapsulate fluorescent nanodiamonds within a 

PDA shell that can be readily covalently functionalized to provide specific binding groups. 

We produced methoxy-PEG or biotin-PEG functionalized FNDs and demonstrated their use 

in two example applications that demonstrate the merits of this strategy; single-molecule 

tracking of DNA tethered motion and imaging within cells. We found this PDA 

encapsulation method is robust and reproducible across FNDs with various sizes and surface 
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properties. Unlike other functionalization schemes, the method is simple and easily 

completed on the benchtop in less than one day using only mild aqueous buffers. This 

permits facile PEGylation of nanodiamonds, enhancing their colloidal stability in 

physiological buffers over long storage periods and facilitating broad use of fluorescent 

nanodiamonds in biomedical applications.

4. Experimental Section

Chemicals and Materials:

Dopamine hydrochloride (DA), tris(hydroxymethyl)aminomethane (TRIS), Streptavidin 

(SA), WST-1 Cell Proliferation Reagent, ammonium hydroxide solution (NH4OH, 25 %), 

gentamicin, Poly-L-lysine solution (0.1 % w/v in H2O) and 2-mercaptoethanol were 

purchased from Sigma-Aldrich. mPEG-SH (2 kDa) and biotin-PEG-SH (2 kDa,) were 

purchased from NANOCS. RPMI 1640 was purchased from Lonza. L-glutamine was 

purchased from Gibco. 10 % heat-inactivated fetal calf serum was purchased from 

BioScience. GM-CSF was purchased from Peprotech. Anti-mouse CD11c-FITC was 

purchased from eBioscience. Poly-L-lysine was purchased from Invitrogen. Fluorescent 

nanodiamonds were supplied by Adamas Nanotechnologies and Columbus NanoWorks. 

Deionized (DI) water with a resistivity of 18.2 MΩ·cm was from Milli-Q Water Purification 

System.

General method for synthesizing FND@PDA:

DA was dissolved in Tris-HCl (pH=8.5, 10 mM), FNDs in suspension were added, and the 

suspension was incubated at room temperature (25 °C) for a determined time. Solution 

compositions and incubation times are listed in Table S1. PDA shell thickness was 

controlled by varying the reaction time or dopamine concentration. The reaction mixture 

was then centrifuged for 15 min at 41000 g (20,000 rpm), the precipitate was re-dispersed in 

10 mL of DI water, and the obtained FND@PDA solution was filtered through a 0.2-μm 

syringe filter to remove aggregates.

Surface Modification of PDA-coated FND with mPEG-SH (PEGylated FND@PDA) or biotin 
PEG-SH (biotinylated FND@PDA):

Surface modification of FND@PDA was performed by adding 4 mg of 2 kDa mPEG-SH (or 

biotin-PEG-SH) and 2 μL of NH4OH into a suspension of 0.02 mg/mL FND@PDA in 10 

mL of DI water, followed by stirring for 16 hr at room temperature (25 °C). The PEG 

modified FND@PDA was isolated by centrifugation for 20 min at 41000 g (20,000 rpm) and 

the supernatant was removed. The isolated PEGylated FND@PDA (or biotinylated 

FND@PDA) was then re-dispersed in water. This washing process of centrifugation 

followed by re-dispersing the PEGylated FND@PDA (or biotinylated FND@PDA) in water 

was repeated 2 times.

BMDCs and HeLa cell cultures:

Mice were bred and maintained in-house at the NCI-Frederick animal facility. All mice were 

cared for in accordance with National Institutes of Health guidelines with the approval of the 

National Cancer Institute Animal Care and Use Committee. 4 × 106 bone marrow cells per 
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well were cultured in tissue-culture-treated 6-well plates in 4 mL of complete medium, 10 % 

heat-inactivated fetal calf serum, and GM-CSF (20 ng/mL) following a standard protocol.[28] 

The culture medium was replaced by fresh warmed medium with GM-CSF (20 ng/mL) 

every 2 days. On day 7, non-adherent loosely adherent DCs were harvested by gentle 

washing with PBS, and used as the starting source of material for most experiments.

Human cervical adenocarcinoma (HeLa) cells were maintained in Dulbecco’s modified 

eagle medium (DMEM; Gibco) supplemented with 10 % fetal bovine serum, penicillin and 

streptomycin, under a humidified atmosphere containing 5 % CO2.

Cytotoxicity assay (WST-1):

BMDCs and HeLa cells were transferred to a 96-well tissue culture plate in a final volume 

of 100 μL/well culture medium. Cells were treated with various amounts of PEGylated 

FND@PDA or FND in triplicate and incubated overnight. 10 μL cell proliferation reagent 

WST-1 was added to the wells and mixed gently followed by a 4 hr incubation. Cell viability 

was determined by absorbance at 450 nm for WST-1 as described in the manual provided by 

the kit manufacturer.

Immunofluorescence microscopy:

BMDCs (or HeLa cells) were incubated with 50 μg/mL PEGylated FND@PDA or FND for 

16 hr at 37 °C and washed with PBS. Cells were fixed with 4 % paraformaldehyde in PBS 

for 30 min at room temperature, and washed twice with PBS. BMDCs were stained with 

anti-mouse CD11c-FITC and HeLa cells were stained with Alexa Fluor 488 Phalloidin on 

ice for 30 min, and washed. Cells were plated on poly-L-lysine-coated glass coverslips for 

30 min at room temperature for analysis by Zeiss LSM 880 confocal laser scanning 

microscopy. Samples were mounted in ProLong Gold antifade reagent with DAPI 

(Invitrogen).

Preparation of SA-conjugated FND:

SA-conjugated biotinylated FND@PDA was prepared by binding SA in excess to 

biotinylated FND@PDA (Figure S6). 100 μL (90 nM) of SA in Wash Buffer (WB; 1x PBS, 

0.03 % w/v BSA, and 0.01 % v/v Tween-20) was added to a suspension of biotinylated 

FND@PDA (0.1 mg/mL) in water (100 μL). The mixture was agitated overnight. The 

resulting dispersion was centrifuged for 10 min at 13400 g (12,000 rpm), and the precipitate 

was re-dispersed in 100 μL of WB.

DNA tethering experiment:

The detailed DNA tethering procedure and instrumentation for single molecule fluorescence 

assay were previously published.[26a] In brief, 2.5 kb DNA labelled with biotin and 

digoxigenin was generated by PCR of pET28b DNA plasmid with 5´ biotin- and 5´ digoxin-

primers respectively (Operon). 2.5 kb DNA molecules (25 pM) were incubated with anti-

digoxigenin (25 nM) in 1x PBS for 15 min to allow anti-digoxigenin-digoxigenin binding. 

The DNA-anti-digoxigenin mixture was then added into a pre-assembled sample cell and 

incubated at 4 °C overnight to permit non-specific absorption of anti-digoxigenin to the 

sample cell surface. The sample cell was then washed with 200 μl WB to remove unbound 
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DNA molecules. To tether SA-conjugated biotinylated FND@PDA to DNA, 40 μl of SA-

biotin FND@PDA (0.1 mg/mL) was introduced into the sample cell and incubated overnight 

at 4 °C or 1 hr at RT. After washing with 600 μl of WB, FNDs tethered by individual surface 

immobilized DNA molecules were visualized on an EMCCD (Andor iXon+ DU-897, 

512X512 Array with 16 μm pixels) using a custom-built micro-mirror TIRF instrument (ex: 

560 nm and em: 640 nm).[26a] For 3-D tracking of DNA tethered FND, we used a custom 

written tracking program in Labview which is based on the algorithm utilized in Mosaic 

Particle tracker 2-D.[27] Using this program, we identified the x and y positions of the FND 

in each image and also obtained the sum of the pixel intensities Isum within a cut-off radius 

(90 % percentile in brightness) of the FND. The height of the FND above the surface of the 

flow-cell (nm) was determined from the height calibration curve relating Isum to the height 

of the particle.[26a] The x and y displacements were calculated by converting the x and y 

positions in pixels to positions in nm via measured calibrations of the x and y pixel 

dimensions.

FND Characterization:

UV–vis absorption (UV–vis) spectra for bare and PDA coated FNDs were measured with a 

HP/Agilent 8453 Spectrophotometer, and the corresponding PL spectra were recorded in a 

Tecan Spark 10M Multi-Mode Microplate Reader. PL spectra were collected using 530 nm 

excitation wavelength. FT-IR measurements were carried out in a Varian 1000, and the 

hydrodynamic radius was measured in a DynoPro Nanostar (Waytt) and then evaluated in 

Dynamic software with regularization method. Surface charge of particles was measured 

with a Zetasizer Nano ZS (Malvern Instruments). A JEOL 1400 transmission electron 

microscope operating at an accelerating voltage of 120 kV was used to characterize the size, 

PDA shell thickness, and structure of FND and FND@PDA. To measure the PL intensity of 

bare or PDA-coated FND, 100 μL of each particle (in deionized water) was added to 100 μL 

poly-L-lysine solution. The poly-L-lysine coated particles were deposited onto cover glass 

by spin coating 100 μL of the mixture. The coated cover glass was then attached to a slide 

with double sticky tape forming a chamber in which water was added. Individual PL 

intensity at the single-molecule level of FND and FND@PDA were measured using a Nikon 

Eclipse Ti-E microscope equipped with an H-TIRF module attachment, a CFI60 

Apochromat TIRF 100X Oil Immersion Objective Lens (N.A. 1.49, W.D. 0.12mm, F.O.V 

22mm) and an EMCCD camera (Andor iXon Ultra 888 EMCCD, 1024X1024 array with13 

μm pixel). The 561 nm laser line was used for excitation and emission was collected through 

a 700 nm (CWL) wavelength filter with a 75 nm (FWHM) bandwidth. All data were 

acquired using a 100 ms exposure time for bare and PDA-coated FND images. HeLa cell 

morphology and proliferation were observed under a light microscope (EVOS FL Cell 

Imaging System) and photographs were taken using a Sony ICX445 monochrome CCD 

camera. Cell imaging experiments were carried out in a Zeiss LSM 880 META confocal 

microscope system using a 63× oil immersion objective lens. The fluorescence images were 

collected at room temperature at 532 nm excitation wavelength using LSM 880 software, in 

scanning range 612–729 nm, pinhole at diameter 57.1 μm (1 Airy unit) and a laser dwell 

time of 1.03 μsec per pixel.

Jung et al. Page 10

Adv Funct Mater. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
TEM images of (a) uncoated and (b) PDA-coated FND (FND@PDA). Inset: high 

magnification TEM image of FND@PDA with a vertical red line indicating the thickness of 

the PDA shell. Scale bar is 50 nm. (c) FT-IR spectra of FND, PDA, FND@PDA, and 

PEGylated FND@PDA. UV-Vis (d) and intensity normalized PL spectra (e) of FND and 

FND@PDA.))
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Figure 2. 
TEM images of different sizes of FND encapsulated in PDA. The standard reaction 

condition was TRIS buffer (10 mM, pH=8.5) with 0.2 mg of FND, 1.42 mM of dopamine 

for 1 hr (Table S1 sample 6). (a) 20 nm, (b) 40 nm, (c) 80 nm, and (d) 150 nm nominal FND 

sizes. Scale bar is 25 nm.
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Figure 3. 
TEM images of FND@PDA with different PDA shell thicknesses (a) ~ (d) and (f) ~ (i). 

Scale bar is 25 nm. The PDA shell thickness was controlled by adjusting the reaction time at 

1.42 mM dopamine concentration (e) or dopamine concentration for a 2 hr reaction time (j). 

PDA shell thickness was determined from the mean thickness measured at 10 positions of 

each TEM image (See Figure 1) and the error bars correspond to the standard deviation.
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Figure 4. 
Viability of HeLa cells and mouse immature BMDC cells in the presence of FND and 

PEGylated FND@PDA as function of particle concentration (a) or incubation time (b). Cell 

viability was determined with the WST-1 method as described in the Methods. Points 

represent the mean of three independent measurements and the error bars correspond to the 

standard deviation.
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Figure 5. 
Confocal laser scanning microscopy images of bare FND and PEGylated FND@PDA stored 

in PBS and introduced into media of mouse immature BMDC. The displayed images are 

fluorescence from FNDs (red channel), CD11c-FITC, (green channel: BMDCs membrane), 

DAPI (blue channel: nuclei) and overlay. Scale bar is 5 μm.
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Figure 6. 
DNA tethering experiments under four different conditions. TIRFM images for DNA 

tethering with (a) biotinylated FND@PDA treated with SA (FND@PDA-PEG-biotin+SA), 

(b) FND@PDA-PEG-biotin stored for three months at RT in water, treated with SA, (c) 

PDA-coated FND (FND@PDA), and (d) FND@PDA treated with SA (FND@PDA+SA). 

Scale bar in panels a-d is 10 μm. (e) An example 3-D spatial distribution of a DNA tethered 

FND@PDA-PEG-biotin+SA obtained by tracking the Brownian motion of the particle 

(indicated by the yellow circle in panel a). Color scale bar provides a measure of the z 

position (in nm) of the tethered FND. (f) The average number of DNA molecules tethered by 

FND per a field of view for four different conditions. No DNA tethered FND particles were 

observed for either FND@PDA or FND@PDA+SA. A few nonspecifically stuck immobile 

particles are distinguished from tethered particles which undergo Brownian motion, (please 

see the video S3 and S4). The average number of FNDs tethered per field of view (73 μm × 

73 μm) with the day-old and 3-month old FND@PDA-PEG-biotin+SA are 18 ± 1 [N 

(number of different field of views) = 6)] and 15 ± 1 [N = 8)] respectively. The reported 

error is the standard error of the mean.
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Scheme 1. 
Encapsulation strategy and biomedical applications of functionalized fluorescent 

nanodiamonds. The polydopamine encapsulated diamonds were functionalized with two 

different thiol terminated PEGs. mPEG-SH modified diamonds were used as fluorescent 

probes in cell imaging experiments and biotin-PEG-SH decorated diamonds, attached to 

DNA via the biotin-streptavidin interaction, were used for tracking 3-dimensional tethered 

particle motion.
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