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ARTICLE INFO ABSTRACT

Available online 13 July 2008 Fluorescent nanodiamonds (FND) as specifically targeted probes to image the interactions of transferrins (Tf) with
their receptors that were over-expressed on HeLa cells were studied in this work. The 100-nm diamonds were
irradiated with a 2.5-MeV ion beam and thermally annealed to emit bright fluorescence in the region 550-800 nm
upon excitation at 514.5 nm; accordingly, the interference of cellular autofluorescence at 520-650 nm was
eliminated significantly on detecting fluorescence at >660 nm. FND-Tf bioconjugates were produced via the
formation of an amide bond between carboxylated FND and transferrin and used to target transferrin receptors
(TfR) on HeLa cells for activity testing. The receptor-mediated uptake of FND-Tf bioconjugates into HeLa cells was
confirmed from confocal fluorescence images; in contrast, the uptake of FND-Tf bioconjugates on presaturated
receptors or carboxylated FND on HeLa cells was unobserved. We measured also the fluorescence spectra and
lifetimes of carboxylated FND, FND-Tf bioconjugates and FND-Tf-TfR complexes for characterization. Their
measured lifetimes are 11.8+0.1,11.6+0.1 and 12.1+0.1 ns, respectively, and fluorescence spectra are comparable
except that the two zero-phonon lines of FND-Tf-TfR complexes become indistinct. Both results show that the

Keywords:

Nanodiamonds

Transferrin

Confocal fluorescence images
Fluorescence lifetime

surface effects of chemical interactions on the emission center of FND are negligible.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescent nanodiamonds (FND) as optical probes to image
biological systems have attracted considerable attention because of
their special optoelectronic properties — bright fluorescence, protracted
photostability and a broad spectral range, as well as because of their low
cytotoxicity and ease of conjugation with biomolecules after surface
functionalization [1-12]. The bright fluorescence of nanodiamonds
results from nitrogen-vacancy (N-V) centers that are created with high-
energy electron or ion bombardment of type Ib nanodiamonds, followed
by thermal annealing [1-3,13]. Fu et al. reported a minute effect on the
photostability and brightness of fluorescence after a surface treatment
and electrostatic interactions [3]. As the zero-phonon lines (ZPL) in
fluorescence spectra and the fluorescence lifetimes of FND are expected
to be sensitive to environmental changes, the surface effect can also be
characterized on monitoring the variations of ZPL and lifetimes under
different conditions [14-17].

Several methods of surface functionalization of nanodiamonds (ND)
to interact with biomolecules via covalent bonding for further study of
specific or non-specific interactions in biological systems have been
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reported [3,7,8,18,19]. The carboxylation of ND on treatment with strong
oxidizing acid is a simple method to produce carboxylated FND (FND-
COOH) that can react with biomolecules to form covalent amide bonds
via carbodiimide chemistry [20,21]. A non-specific binding between the
covalent bonding FND-poly-L-lysine bioconjugates and DNA molecules
through electrostatic interactions was demonstrated to show the
capability of FND as cell biomarkers [3], but the specific recognition of
bioconjugates to graft the biologically active moieties is particularly
important for applications, for example, in the examination of bio-
chemical reactions and drug delivery [22-25]. Transferrin targets prefer-
entially its receptor to form a strongly bound complex; moreover, the
uptake of transferrin on HeLa cells is expected through the mediation of
transferrin receptors that are over-expressed on the surfaces of HeLa
cells [26,27]. The mediated uptake of transferrin on HelLa cells hence
serves as an excellent case for the investigation of specific interactions.

In this work, we investigated the application of FND as specifically
targeted fluorescence probes to image the interactions of transferrins
with receptors that were over-expressed on HeLa cells with a laser-
scanning fluorescence microscope. FND were produced on irradiation
with a 2.5-MeV proton beam and thermal annealing before being func-
tionalized with carboxyl groups to link to transferrin to form FND-Tf
bioconjugates. The uptake of FND-Tf bioconjugates on a HeLa cell was
confirmed, and two control experiments were performed to verify the
uptake through a Tf-TfR interaction. We measured also the fluores-
cence spectra and fluorescence lifetimes of carboxylated FND, FND-Tf
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(a)

Fig. 1. Images of a fixed HeLa cell after treatment with FND-Tf bioconjugates (10 pug/mL) for 1 h in an incubator; (a) bright-field image, (b) confocal scanning image obtained on
collecting fluorescence of FND at >550 nm upon excitation at 514.5 nm; (c) confocal scanning image with fluorescence collected at 663-738 nm. Each image was obtained with a 60x

objective in a field of view 6060 um?.

- (a)

638 nm

Intensity / arb. units

550 600 650 700 750 800

Intensity / arb. units

550 600 650 700 750 800

Intensity / arb. units

550 600 650 700 750 800
Wavelength / nm

Fig. 2. Comparison of fluorescence spectra of (a) carboxylated FND, (b) FND-Tf
bioconjugates, and (c) FND-Tf-TfR complexes on a fixed HeLa cell; the three spectra in
each figure were obtained from separate locations; their intensity variations are due
mainly to variability in the number of N-V centers of FND.

bioconjugates and FND-Tf-TfR complexes to understand the surface
effects due to the chemical interactions.

2. Experiments

Synthetic type Ib nanodiamonds of average diameter 100 nm
(Micron+MDA, Element Six) served as targeted fluorescence probes
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Fig. 3. Fluorescence lifetime curves of FND in the form of (a) carboxylated FND, (b) FND-Tf
bioconjugates, and (c) FND-Tf-TfR complexes on a fixed HeLa cell with signals collected at
663-738 nm; a single exponential-decay curve is fitted to the selected data after
background subtraction and the resultant curve with background included is plotted as a
red solid line with residues shown below. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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after proton-beam irradiation and thermal annealing according to
published reports [2,3,17]. The 2.5-MeV proton beam source with
beam current 0.8 pA (KN, High Voltage) is located at the accelerator
laboratory of National Tsing Hua University in Taiwan. Typically, a
nanodiamond film (depositing a nanodiamond solution 50 pL, con-
centration 10 mg/mL) was irradiated 30 min with the proton beam at a
dose 1.6x10'® protons/cm? to create sufficient nitrogen-vacancy (N-V)
centers. Subsequent thermal annealing of the irradiated nanodiamond
film in vacuum at 800 °C for 2 h facilitates the formation of negatively
charged nitrogen-vacancy (N-V~) centers from which bright fluores-
cence is emitted upon excitation at 514.5 nm. The produced FND were
cleaned and surface-functionalized to form carboxylated FND accord-
ing to a treatment with strong oxidizing acid [6]; FND were first im-
mersed in a mixture of concentrated H,SO4 and HNOs with a volume
ratio ~9 at 25 °C for 24 h, then in NaOH aqueous solution (0.1 M) at
90 °C for 2 h, and finally in HCI aqueous solution (0.1 M) at 90 °C for
2 h. For formation of FND-Tf bioconjugates, transferrin (MW~ 80 kDa;
T4382, Sigma, 0.1 mg) and carboxylated FND (0.2 mg) were incubated
in phosphate buffer saline (PBS, 1 mL, pH=7.4) at 25 °C for 24 h, with
an addition of N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hy-
drochloride (E7750, Sigma, 5 mg) to activate the reaction. The FND-Tf

bioconjugates produced were then purified through a cycle - sepa-
ration by sedimentation with a centrifuge and suspension in PBS
buffer - three times before use. In the uptake experiments, FND-Tf
bioconjugates in PBS buffer were added to the culture media of HeLa
cells (final concentration 10 pg/mL) and incubated (37 °C) in an
incubator (5% CO,) for 1 h. Hela cells were cultured in DMEM
(Invitrogen) supplemented with fetal bovine serum (FBS, 10%) and
penicillin/streptomycin (1%) for incubation (12 h) before treatment;
moreover, as cell aggregations at ~10° cells/mL were observed after
12 hincubation, ~10* cells/mL in the experiments were used to obtain
superior cell morphology. The treated HeLa cells were washed several
times with PBS buffer and fixed to a cover-glass plate with para-
formaldehyde (Sigma, 4%) for fluorescence measurements. Of two
control experiments to confirm that receptor-mediated uptake of
FND-Tf bioconjugates into Hela cells occurs exclusively, one is with
cells treated with carboxylated FND (final concentration 10 pg/mL)
with incubation (1 h), and the other is with HeLa cells presaturated
with free transferrin (1 mg/mL) with incubation (1 h) before treat-
ment with FND-Tf bioconjugates.

Confocal fluorescence images were measured on an inverted mi-
croscope (TE2000, Nikon) equipped with a scanning head (C1, Nikon)

Fig. 4. Comparison of confocal fluorescence images of HeLa cells treated with carboxylated FND and FND-Tf bioconjugates; (a) the left two bright-field images are HeLa cells treated
respectively with carboxylated FNDs and FND-Tf bioconjugates, and the right one image is a HeLa cell presaturated with free transferrin for 1 h before being treated with FND-Tf
bioconjugates; (b) corresponding confocal fluorescence images obtained upon excitation at 514.5 nm; (c) overlays of bright and fluorescence images.
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and an Ar-ion laser (210AL, National Laser). The 514.5-nm laser line
(20 uW) was focused through a water immersion objective (60%, NA
1.2, Nikon) onto the sample and the fluorescence was collected with
the same objective, passed through a band-pass filter (ET700/75 m-2p,
Chroma Tech) and a pinhole (diameter 60 um) before being detected
with a photomultiplier. For measurements of fluorescence spectra,
fluorescence was focused into a spectrometer (Triax 320, Jobin-Yvon,
0.32 m) before detection; spectra in a region 520-800 nm were re-
corded at a step 0.2 nm and with an acquisition period 1 s. For lifetime
measurements, a 470 nm diode laser (PicoQuant) operated at 10 MHz
was used as the excitation light source and fluorescence was detected
with an APD (SPCM-AQR-14-FC, Perkin-Elmer) before being trans-
ferred to a time-correlated single photon counting module (Time-
Harp200, PicoQuant) for further processing.

3. Results and discussion

The strong fluorescence spectrum of FND in a region 550-800 nm
with a maximum at ~660 nm had two ZPL at 576 and 638 nm upon
excitation at 514.5 nm, consistent with previous reports with 3-MeV
proton-beam irradiation [3,17]; the ZPL are attributed to electronic
transitions of neutral nitrogen-vacancy centers (N-V)° and negatively
charged defect centers (N-V)~, respectively [3,13,28,29]. As the fluo-
rescence maximum at ~660 nm is separate from the autofluorescence
of a HeLa cell in a region 520-650 nm, we collected the fluorescence of
FND in a region 663-738 nm to eliminate the interference of HeLa cell

autofluorescence for imaging. The diminution of HeLa cell autofluores-
cence on taking advantage of strong fluorescence in the long-
wavelength region is demonstrated in Fig. 1. Fig. 1(a) presents a
bright-field image of a fixed HeLa cell after being treated with FND-Tf
bioconjugates (final concentration 10 pug/mL) for 1 h in an incubator; the
field of view is 60x60 um?. The corresponding confocal fluorescence
images obtained on collecting fluorescence of FND at >550 nm and in a
region 663-738 nm upon excitation at 514.5 nm are shown in Fig. 1(b)
and (c) to demonstrate the differentiation.

Fig. 2 (a)-(c) shows a comparison of fluorescence spectra of
carboxylated FND, FND-Tf bioconjugates and FND-Tf-TfR complexes
on Hela cells, respectively; the three spectra for each species were
obtained from three separate locations to show the intensity var-
iations, resulting mainly from a variation in the numbers of N-V center
of FND. As seen in Fig. 2, there is no significant difference in these
spectra, except that two ZPL in the FND-Tf-TfR complexes become
indistinct, likely due to the heterogeneous environments of HeLa cells
as it is commonly observed in solid-state chemistry that ZPL were
obscured by strong phonon sidebands that result mainly from disor-
dered lattice structures [30-32].

To understand the effect of environmental changes, we measured
also the fluorescence lifetimes of FND in the three complexes. Fig. 3
(a)-(c) shows the measured fluorescence lifetime curves of carboxy-
lated FND, FND-Tf bioconjugates and FND-Tf-TfR complexes on HelLa
cells; a single exponential-decay curve is fitted to the selected data
after background subtraction for each species and a resultant curve

Fig. 5. Confocal fluorescence images of a HeLa cell treated with FND-Tf bioconjugates, recorded with a step 200 nm in the vertical direction and presented from left to right and top to

bottom with a field of view 60x60 um? for each image.
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with background included is plotted as a red solid line with residues
shown below. The measured lifetimes for these three complexes are 11.8 +
0.1, 11.6+0.1 and 12.1£0.1 ns, respectively. Although the fluorescence
lifetime is expected to be sensitive to environmental change, small but
insignificant differences resulting from the Tf-TfR interaction on HeLa cell
were observed. These results together with the nearly identical spectra
indicate that the surface effects of chemical interactions on the emission
center of FND are negligible; the cause is ascribed to the N-V centers
embedded in the crystal lattice, as mentioned by Fu et al. who found that
the fluorescence intensity of FND before and after treatment with strong
oxidizing acids is nearly the same [3].

Fig. 4 shows a comparison of the confocal fluorescence images
of fixed HelLa cells treated respectively with carboxylated FND and
FND-Tf bioconjugates to demonstrate the specific biorecognition
function of FND-Tf bioconjugates. In Fig. 4(a), the left two bright-
field images are HeLa cells treated respectively with carboxylated
FNDs and FND-Tf bioconjugates, and the right one image is a HeLa cell
presaturated with free transferrin for 1 h before being treated with
FND-Tf bioconjugates; the field of view is 60x 60 um? for each image.
Fig. 4(b) shows the corresponding confocal fluorescence images ob-
tained upon excitation at 514.5 nm; Fig. 4(c) shows overlays of fluo-
rescence and the corresponding transmission images to illustrate the
distributions of FND-bioconjugates within HeLa cells.

In the left panel of Fig. 4(b), the absence of fluorescence signals
reflects no carboxylated FND binding to HeLa cells as the unbound
carboxylated FND were washed away with PBS buffer. This result
demonstrates that the interference of non-specific interactions origi-
nating from carboxylated FND is negligible — an advantage to facilitate
the recognition of specific interactions. Moreover, the lack of non-
specific binding for 100-nm carboxylated FND is contrary to the trans-
location of 35-nm END through membrane of a Hela cell reported
previously [3]; the discrepancy might be caused by the size difference,
but detailed studies to understand the size effect are required. In the
middle panel of Fig. 4(b), the uptake of FND-Tf bioconjugates into the
HelLa cell was confirmed according to the aggregates observed inside the
cell. The lack of fluorescence image in the control experiment of HeLa
cells presaturated with free transferrin to block the available receptors
before being treated with FND-Tf bioconjugates, shown in the right
panel of Fig. 4(b), further confirms the uptake of FND-Tf bioconjugates
through specific Tf-TfR interactions. These results also demonstrate that
the 100-nm FND did not block the active site of transferrin for receptor
binding although its size is over ten times that of transferrin; moreover,
the distinctive boundary of the HeLa cell after the uptake of FND-Tf
bioconjugates shown in the figure indicates a small cytotoxicity of FND,
an important advantage for applications of FND in biological system.

An issue regarding the transport of FND-Tf bioconjugates into HeLa
cells through receptor-mediated endocytosis, a common ion transport
occurring in cells [26,27], was examined on recording the confocal
fluorescence images of the HelLa cell at varied depths. Fig. 5 shows
vertical cross-sectional confocal fluorescence images of a HeLa cell
treated with FND-Tf bioconjugates presented in an order from left to
right and top to bottom; the field of view for each image is 60x 60 um?.
As seen in Fig. 5, FND shown as red spots were observed within a
thickness ~ 10 um, indicative of translocation of FND through the cell
membrane. In contrast, fluorescence images inside the cell were un-
observed in the two control experiments, reflecting no translocation
of the carboxylated FND and FND-Tf bioconjugates due mostly to a
lack of specific Tf-TfR interactions. Hence, we conclude that the FND-
Tf-TfR complexes originally formed on the surface of a Hela cell
through Tf-TfR interactions were engulfed by the cell, likely through
an endocytosis pathway.

4. Conclusion

We demonstrated the application of FND as targeted fluorescence
probes to investigate the interactions of transferrins and their receptors

on Hela cells. The uptake of FND-Tf bioconjugates into a HeLa cell via a
specific Tf-TfR interaction is verified based on confocal fluorescence
images; two control experiments, one with an uptake of carboxylated
FND and the other with HelLa cells presaturated with free transferrins
before addition of FND-Tf bioconjugates, were performed to confirm the
specifically targeted function of FND-Tf bioconjugates. We measured
also the fluorescence spectra and lifetimes of FND in the forms of
carboxylated FND, FND-Tf bioconjugates and FND-Tf-TfR complexes on
the HeLa cell; the nearly identical spectra and the measured lifetimes
near 11.8 ns for all three complexes indicate a negligible surface effect
caused by chemical interactions. That FND provide advantages - strong
fluorescence in the long-wavelength region, ease of surface functiona-
lization for specifically targeted imaging and a negligible surface effect —
was demonstrated in this work.
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