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  1.     Introduction 

 The transforming growth factor-beta 
(TGF-β) signaling pathway is important 
during cell development and is tightly reg-
ulated to ensure its proper physio logical 
functions. [ 1,2 ]  TGF-β acts as a tumor sup-
pressor in normal epithelial cells and in 
early stages of tumors but can activate 
the growth and invasion of cancer cells 
in advanced stages. [ 3 ]  Thus, this pathway 
is an attractive target for cancer therapeu-
tics that simultaneously target the tumor 
and its microenvironment. [ 4 ]  Although it 
is known that interactions between TGF-β 
and its ligand can lead to immune sup-
pression and the metastasis of cancer 
cells, the exact mechanisms underlying 
this are unknown. 

 TGF-β ligands initiate signaling by 
binding to a type II receptor serine/threo-
nine kinase and subsequently recruiting a 
type I receptor. The type II receptor phos-
phorylates the receptor I kinase domain. [ 5 ]  
This binding complex propagates the 

signal by phosphorylating SMAD proteins and other cofactors. 
Finally, SMAD proteins that have been translocated into the 
nucleus regulate the transcription of the target gene. [ 6 ]  Despite 
much progress over the past decade, critical understanding 
of the dynamics and function of TGF-β transmembrane sign-
aling with high temporal and spatial resolution is hampered by 
technical limitations. An integrated understanding of TGF-β is 
critical for the development of cancer targeting therapies. [ 7 ]  

 Traditional bioimaging and biochemical techniques provide 
limited information regarding detecting ligand–receptor inter-
actions and subsequent downstream signaling. Fluorescent 
organic dyes and genetically coded protein tags that are used 
for such assays are relatively dim and photobleach after a short 
amount of time. These drawbacks prevent observation of the 
dynamic behaviors of biomolecules over a prolonged time 
period. Fluorescent nanodiamonds (FNDs) containing nega-
tively charged nitrogen-vacancy (NV¯) centers are fl uorescent 
sources with unique optical properties, including broad exci-
tation and emission spectra and superior brightness without 
photobleaching. [ 8 ]  Compared to quantum dots (QDs), FNDs do 
not photoblink and are nontoxic to cells, [ 9 ]  which makes them 
ideal for biomedical applications. FNDs have been used as 
optical labels for regular epifl uorescence imaging in live mam-
malian cells, [ 10–12 ]  as magnetic resonance imaging imaging 
agents, [ 13 ]  as drug delivery systems, [ 14,15 ]  and to track the 
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movement of a single particle in the cytoplasm. [ 16 ]  While FNDs 
have many benefi ts in in vivo bioimaging, FNDs have not been 
used as an endogenous protein tag in long-term 3D single mol-
ecule imaging. Developing this technology would allow the 
investigation of the dynamic behavior of biomolecules, such as 
transmembrane signaling. 

 In the present work, we demonstrate the use of FNDs as a 
general fl uorescent tag for specifi c endogenous protein labeling 
and 3D single molecule imaging in live cells. Due to its supe-
rior optical properties, we could achieve approximately average 
of 8 nm in  xy  and 16 nm in  z  localization accuracy in 3D locali-
zation microscopy in the focal plane in cells, providing much 
higher localization precision than organic dye. By combining 
3D astigmatism single molecule imaging analysis with FNDs, 
we observed and quantifi ed 3D real-time dynamics of TGF-β 
receptors. Single molecule analysis determined three distinct 
diffusive states and the kinetic rates between those states in 
untreated and small molecule kinase inhibitor (SMI)-treated 
cells. We found that the kinetic reaction favors intermediate 
and fast diffusion populations after SMI treatment. Our experi-
ments provide a general platform to study transmembrane 
signaling function and dynamics. Future application of this 
method will allow the development of TGF-targeted therapeu-
tics based on signaling dynamics.  

  2.     Results and Discussion 

  2.1.     Optical Properties of Bioconjugated FND for Nanoscopy 

 We fi rst conjugated NH 2 -PEG-COOH to 
FNDs through the interaction between the 
amino group of polyethylene glycol (PEG) 
and the carboxyl group on the surface of 
FNDs as previously reported. [ 17 ]  The carboxyl 
group of PEG was then bound by streptavidin 
(SA). Aggregation is a major concern for 
nanoparticles under physiological conditions, 
such as cell culture medium. To minimize 
aggregation, we used bovine serum albumin 
(BSA) to coat the FND surface through 
simple physical adsorption to decrease non-
specifi c interactions (FND-TGF-BSA). The 
biotin-TGF was attached to the FNDs through 
SA–biotin interactions ( Figure    1  a). In order 
to estimate the number of TGFs attached to 
a single FND, the concentration of FND was 
fi rst determined through fl uorescence cor-
relation spectroscopy (FCS) (Equations  ( 1)  , 
 ( 2)  ,  ( 11)  , and  ( 12)  ). Next, the protein concen-
tration is determined using absorbance at 
280 nm. The number of TGFs attached to a 
single FND was calculated as 1.2, which sug-
gests that the as-prepared FND-TGF is suit-
able for single molecule imaging.  

 To characterize the dispersibility and 
photophysics of FND-TGF-BSA, we placed 
FNDs on the surface of cleaned coverslips. 
Individual spots can be clearly visualized 

through total internal refl ection fl uorescence microscope 
(TIRF) illumination (Figure  1 b). Little aggregation was observed 
with TIRF imaging, demonstrating that the FND-TGF-BSA has 
good dispersity. We monitored the fl uorescence intensity of 
FNDs for 5 min using a 561 nm continous wave (CW) laser 
(≈2 KW cm −2 ). The single molecule fl uorescence trace showed 
that FNDs do not photobleach or photoblink, suggesting that 
they are ideal for single molecule imaging (Figure  1 c). 

 In order to further quantify the size and dispersibility of 
FND-TGF-BSA in a physiologically relevant condition, we 
applied FCS to monitor the FNDs in a high-salt solution (0.15  M  
KCl), which mimics intracellular environments. [ 18 ]  FCS moni-
tors the fl uorescence molecules diffusing in and out in a tightly 
focused confocal volume. Thus it gives rise to fl uorescence fl uc-
tuation intensity as a function of time and measures the dif-
fusion and concentration parameters. [ 19 ]  The autocorrelation 
function of the FND-TGF-BSA (Figure  1 d) fi t well with a single 
component 3D diffusion model. The diffusion coeffi cient ( D ) 
of the FNDs was calculated as 10.6 µm 2  s −1  (Equations  ( 1)  – ( 5)  ). 
The counts per second per molecule (cpsm) of FND-TGF-BSA 
was calculated through multiplying the G(0) (Equation  ( 10)  ) 
by average count rate. As calculated, FND-TGF-BSA showed 
43 000 cpsm. The size of the FND-TGF-BSA was then estimated 
by the Einstein–Stokes relationship  D  =  kT /(6 πηγ ), where  k  is 
the Boltzmann constant,  T  is the temperature,  η  is the viscosity 
of liquid, and  γ  is the radius. The average hydrodynamic dia-
meter of diffusing FND-TGF-BSA was estimated to be 46 nm 
based on the FCS measurements. The autocorrelation curve of 
FND-TGF-BSA showed that a single component is suffi cient to 
describe diffusion behavior, again suggesting the FNDs have 
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 Figure 1.    Bioconjugation of nanodiamonds and their superior optical properties. a) The acid-
wash nanodiamond surface was activated with EDAC and NHS to form amine-reactive termini. 
The nanodiamond was then conjugated with carboxyl PEG amines. SA was grafted onto the 
nanodiamond through amide bond formation. Then, the SA-conjugated nanodiamond was 
connected to TGF-biotin through the SA–biotin interaction. b) In vitro single molecule imaging 
of FNDs acquired by total internal refl ection fl uorescence (TIRF) microscopy. Scale bar: 1 µm. 
c) Fluorescence intensity of a single FND-TGF-BSA as a function of time. Inset: Fluorescence 
image of a single FND corresponding to the white square region shown in (b). d) FCS measure-
ment of FND-TGF-BSA. The autocorrelation function was fi tted with a 3D free diffusion model. 
The fi tted diffusion time was 1.85 ms corresponding to diffusion coeffi cient of 10.6 µm 2  s −1 .
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good dispersity with no obvious aggregation. Dynamic light 
scattering (DLS) was performed to further study the size distri-
bution. The majority (96.3%) of the FND-TGF showed a narrow 
peak with diameter of ≈48 nm demonstrating FND-TGF had 
good dispersity with narrow size distribution (Figure S1, Sup-
porting Information). This result is in good agreement with 
our FCS measurement. Furthermore, we applied transmission 
electron microscopy (TEM) to detect morphology and size of 
FND-TGF-BSA. The as-prepared FND-TGF-BSA showed a nice 
morphology and uniform distribution and little aggregation 
was detected (Figure S2a,b, Supporting Information). 

 Next, we investigated the 3D imaging capability of FNDs by 
localization microscopy. In a normal 2D microscopy setup, the 
point-spread function (PSF) is symmetrical and therefore it is 
not possible to determine the  z  position, which is located either 
below or above the focus. We used a cylinder lens to induce the 
astigmatism of PSF and therefore the precise  z  position of a 
single molecule can be localized as described previously. [ 20,21 ]  In 
our system, an oil-immersion objective (Nikon Apo TIRF 100X, 
1.49 NA) was used. The cylinder lens ( f  = 1 m) was inserted 
into the emission pathway between the tube lens and electron-
multiplying charge-coupled device (EMCCD) ( Figure    2  a). To 
generate a calibration curve of  W x   and  W y   as a function of  z , 
a single FND on a clean coverslip at different  z  positions was 
imaged using a piezo stage with a step size of 10 nm. A dif-
ferent  z  position of the FND displayed varied orientation and 
ellipticity (Figure  2 b). The center of the individual spot provided 
the  x – y  localization and the ellipticity provided the  z  localiza-
tion (Equations  ( 6)   and  ( 7)  ). The detected spots that appeared 
too wide and too elliptical were rejected for calibration (Fitting 
radius ≥ 6 pixel). We then determined the calibration curve 

by quantifying 25 different FNDs on the coverslip. We found 
the sensitive  z  range of FNDs to be between −360 and 360 nm 
(Figure  2 c). The localization accuracy is signifi cant for single 
molecule microscopy applications and analysis. To quantify 
localization accuracy, single FNDs were imaged continuously 
for 1000 frames. The in vitro single molecule experiment was 
performed with the same excitation power and acquisition con-
ditions (integration time and electron-multiplying (EM) gain) 
to generate similar counts (signal) which is comparable to the 
case in live cells. Each frame was then fi tted with a 2D asym-
metric Gaussian function. The distribution of the  x ,  y , and  z  
localizations were fi tted with a Gaussian function ( σ  = 6 nm for 
 xy ,  σ  = 15 nm for  z ) (Figure S3a,b, Supporting Information). 
In order to better characterize the localization accuracy of FND 
in cells, we fi rst incubated FND-TGF-BSA with HCC827 cells 
and the cells were fi xed subsequently. Since the intrinsic fl uo-
rescence signal of FND varies with the number of NV centers 
available in a particle, the localization accuracy would vary with 
different signal to background ratio (SBR) which is defi ned as 
dividing the signal by background. The SBR for FND-BSA-TGF 
population in the fi xed cells ( n  = 322) was fi rst quantifi ed. The 
distribution of SBR showed a broad range due to the varied NV 
centers per particle (Figure  2 d). The 95% confi dence interval 
of SBR was estimated from 5 to 17 based on the 5% and 95% 
quantile for nonnormal distribution data (Figure  2 d). We there-
fore determined the localization accuracy under different SBR: 
15 nm in  xy  and 30 nm in  z  for SBR = 5 and 6 nm in  xy  and 
15 nm in  z  for SBR = 17 (Figure  2 e). The mean of SBR was 
found to be 12 which corresponding to the localization accu-
racy of FND in fi xed cell about 8 nm in  xy  and 16 nm in  z . The 
average localization error of FND in fi xed cells slightly increase 
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 Figure 2.    3D imaging of a single FND. a) Optical layout of wide-fi eld microscopy for 3D FND single molecule tracking. Lasers (561 nm) were refl ected 
by a dichroic mirror to excite the FND. The emission was collected by the same objective lens. A cylindrical lens ( f  = 1 m) was placed in front of the 
EMCCD to induce astigmatism. b) Single molecule imaging of FND at different  z  positions. Notice that different  z  positions display varied orientations 
and ellipticities. Scale bar: 1 µm. c) Calibration curve of PSF widths  W x   (red) and  W y   (green) as a function of  z  as obtained from the FND. The data 
were fi t to a defocusing function (Equations  ( 6)   and  ( 7)  ). d) Distribution of the SBR calculated from FND-TGF-BSA in fi xed cells ( n  = 322). Inset: Single 
molecule imaging of FND-TGF-BSA in fi xed cells. e) Localization accuracy of FND-TGF-BSA under different SBR.
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compared to FND in coverslips but still within excellent range. 
These results demonstrate that FNDs provide higher localiza-
tion accuracy and resolution than those reported earlier for 
organic dyes and fl uorescent proteins [ 20,22 ]  due to its superior 
optical properties. The above measured localization accuracy 
only accounts for the focal plane. To estimate the localization 
accuracy in defocus plane in cells, we specifi cally imaged FND-
TGF-BSA in the boundary of sensitive  z  range in fi xed cells 
which is 360 nm away from the focal plane. It was found that 
the average localization accuracy in the defocus image plane 
(360 nm away) was 10 nm in  xy  and 19 nm in  z  (Figure S3c, 
Supporting Information). Compared to the localization accu-
racy in the focal plane, the lateral ( xy ) and axial ( z ) values 
decrease by 1.3-fold and 1.2-fold, respectively. The bright-
ness of FND-TGF-BSA was further quantifi ed (Equation  ( 13)  ) 
as 46 100 ± 8059 photons s −1  ( n  = 10, mean ± SD). The FND 
provides much higher brightness compared to bright organic 
dye reported previously [ 23 ]  for single molecule imaging. Fur-
thermore, the average signal to noise (SNR) of FND-TGF-BSA 
can be easily calculated as ≈48 in both fi xed cells and in vitro 
(Equation  ( 15)  ) based on the photons emitted per frame.   

  2.2.     Single Molecule Imaging of FND-TGF Traffi cking 
in Live Cells 

 Biocompatibility is a major concern for live cell imaging appli-
cations. To evaluate the cytotoxicity of FNDs, cells treated 
with different doses of FNDs were examined by methyl thia-
zolyl tetrazolium (MTT). Treatment with 100 µg FNDs was 
nontoxic and biocompatible (Figure S4a, Supporting Infor-
mation), consistent with previous reports. [ 24 ]  In order to eval-
uate the preparation and functionality of FND-TGF-BSA, we 
decided to measure the phosphorylation state of Smad in the 
cells treated with different conditions (FND-TGF-BSA, ligand 
only and bare FNDs). Smad phosphorylation state determines 
nuclear transport, transcriptional activity and is thus the most 
critical event in TGF-β signaling. [ 25 ]  We found that both FND-
TGF-BSA and the ligand only (TGF-β1) can active the TGF-β 
receptor and subsequently phosphorylate Smad2 while the bare 
FND cannot (Figure S4b, Supporting Information). This result 
demonstrates that the as-prepared FND-TGF-BSA has good bio-
logical activity and function. We then incubated HCC827 cells 
with FND-TGF-BSA and unconjugated FND-PEG. Autofl uores-
cence, which is mostly emitted from intrinsically fl uorescent 
molecules, including pyridinic, nicotinamide adenine dinucleo-
tide phosphate (NADPH), collagen, and fl avoproteins, [ 26 ]  typi-
cally contaminates the fl uorescence signal at 400–600 nm. We 
observed a strong fl uorescence signal with a bandpass emis-
sion fi lter in the far-red range (675/67 nm) in which detection 
of autofl uorescence is minimized. The unique properties of 
FNDs make it suitable for single molecule imaging in live cells. 
Individual bright spots were found on the cells treated with 
FND-TGF-BSA whereas the cells treated with the same concen-
tration of unconjugated FND-PEG do not show fl uorescence 
signals. These results suggest that the bioconjugated FND-TGF 
show specifi c labeling of target proteins. Additional control 
experiment was performed to further evaluate the specifi city of 
FND-TGF-BSA binding to TGF-β. In the control experiment, 

TGF-β in HCC827 cells was fi rst fully blocked by two specifi c 
antibodies (anti-TGF β Receptor I and anti-TGF β Receptor 
II, Sigma) at 37 °C for an hour at concentration of 5 µg mL −1 . 
Then the cells were incubated with FND-TGF-BSA for 15 min 
before imaging. FND-TGF-BSA showed negligible signal in 
the antibody pretreated HCC827 cells (Figure S5a, Supporting 
Information) demonstrating the FND-TGF-BSA has specifi c 
interactions with TGF-β receptor. 

 In vivo stability of targeting nanoparticle is important for the 
imaging and tracking experiments. Covalent binding to nano-
particle is generally stable enough to suffer from internaliza-
tion or endocytosis of cell. [ 27 ]  In this work, BSA was applied to 
coat the surface of FNDs. BSA was reported as excellent stabi-
lizing agent [ 28 ]  and protease inhibitors to protect from proteo-
lytic degradation [ 29 ]  which suggest that as-prepared FND-TGF-
BSA would be stable for in vivo tracking. In addition, TGF-β 
receptors are reported to be eventually transported to organelles 
including endosomes. [ 30–32 ]  In order to evaluate the stability of 
FND-TGF-BSA in cells, we incubated FND-TGF-BSA in endo-
somal-representative buffer reported previously [ 33 ]  together with 
10 × 10 −6   M  SMI to mimic intracellular condition for one hour. 
After that, the washed FND-TGF-BSA was again incubated 
with HCC827 and put into microscopy for imaging. Confocal 
image showed that the treated FND-TGF-BSA is able to bind 
to HCC827 cells effi ciently demonstrating FND-TGF-BSA is 
likely stable in live cells even under SMI treatment (Figure S5b, 
Supporting Information). 

 We performed time-lapse imaging of live cells after FND-
TGF-BSA (10 × 10 −9   M ) interaction with cells. We observed 
punctate spots immediately after incubation (5 min, 
 Figure    3  a). A large amount of FND-TGF was found in the cyto-
plasm (Figure  3 a) after 30 min, which suggests TGF internali-
zation is very fast and is consistent with previous biochemical 
measurements. [ 32,34 ]  To better confi rm the internalization of 
FNDs, we used confocal microscopy to measure the fl uores-
cence changes at the plasma membrane and cytoplasm at dif-
ferent time points. The cells were treated with FND-TGF-BSA 
at 4 °C to prevent internalization and then immediately moved 
to 37 °C for imaging. We found that the FND-TGF-BSA follows 
a fast internalization speed within the fi rst 30 min and a slow 
internalization speed after 30 min. The confocal images clearly 
showed that FND-TGF-BSA binds to TGF-beta receptor on the 
cell surface in the beginning (0 min) and then distributed into 
cytoplasm at later time points (30 and 60 min) (Figure S6b, 
Supporting Information).  

 We next performed 3D single molecule tracking with FND-
TGF in HCC827 cells (Movie 1, Supporting Information). 
The use of FND-TGF allowed for the observation of TGF-β 
and revealed its highly heterogeneous behavior. The diffu-
sion coeffi cient (D) was obtained by linear fi tting the mean 
square displacement (MSD) for the fi rst six time lags with 
6 Dt α   (Equation  ( 8)  ), where  t  is the time and  α  is the anomaly 
parameter (Equation  ( 8)  ). For a diffusion coeffi cient less than 
0.01 µm 2  s −1  as given by the measurement of histone H2B 
stable binding population in live cells, [ 35 ]  the tracks are treated 
as immobile molecules. 

 We observed different trajectories of FND-TGF (Figure  3 b, 
left). The representative immobile trajectories show a diffusion 
coeffi cient of 0.01 µm 2  s −1 . The anomalous trajectory has a 
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diffusion coeffi cient of 0.2 µm 2  s −1  with  α  at 0.6 (Figure  3 b, 
middle) and the Brownian diffusion has a diffusion coeffi -
cient of 3 µm 2  s −1  with α at 0.9 (Figure  3 b, right). We further 
plotted the MSD for all the trajectories obtained from the live 
cell imaging (15 cells,  n  = 775 tracks). The FNDs show a wide 
range of diffusion coeffi cients, suggesting heterogeneous 
behaviors (Figure  3 c). To quantify the different behaviors, the 
distribution of diffusion coeffi cients was plotted and fi tted with 
a three-peak Gaussian function (Figure S8a, Supporting Infor-
mation), revealing three populations: an immobile population 
with  D  at 0.008 µm 2  s −1  (27.4%), an intermediate population 
with  D  at 0.24 µm 2  s −1  (47.7%), and a fast population with  D  at 
2.5 µm 2  s −1  (24.8%). 

 The immobile population is likely due to the formation of 
active signaling complexes that contain large protein compo-
nents in the plasma membrane. Similar diffusion coeffi cients 
have been reported for surface receptors in the plasma mem-
brane. [ 36 ]  The intermediate population is likely associated 
with anomalous diffusion on the plasma membrane and in 
the cytoplasm. The anomalous diffusion is thought to be due 
to large molecular crowding, including high densities of pro-
teins, lipids, and organelles. [ 37 ]  It was well documented that 
TGF-β receptors are endocytosed via clathrin-coated or lipid 

rafts/caveolae vesicles. After internalization, the TGF-β distrib-
uted into multiple intracellular membrane-bounded compart-
ments. Part of the internalized vesicles are thought to be even-
tually transported to organelles including endosomes for signal 
activation or termination. [ 30–32 ]  Likely, the FND-TGF-receptor 
complex laterally diffuses on the cell membrane and the com-
plex went into the endosome compartment after endocytosis. [ 38 ]  
The fast population possibly refl ects free, inactivated, or trans-
ported TGF-β that is not associated with other binding partners. 

 We also observed that the trajectories exhibited movement 
suggestive of linear and directed displacement. These results 
suggest the FND-TGF is actively transported through clathrin-
coated vesicle-mediated endocytosis. To quantify the dynamics 
of active transport, we calculated the instantaneous diffusion 
coeffi cients ( D  in ) with a sliding window size of ten frames 
for each track. Tracks showing a transition from immobile to 
mobile status of  D  in  were identifi ed as directed displacement. 
The movement distance and duration of active transport were 
then derived from the identifi ed tracks. We found the average 
active transport distance is 0.7 ± 0.16 µm and the mean dura-
tion is 0.67 ± 0.15 s. Therefore, the active transport speed of 
FND-TGF is 1 µm s −1  (Figure S7, Supporting Information). 
Meanwhile, the velocity can be calculated through fi tting the 

Adv. Funct. Mater. 2016, 26, 365–375

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    Single molecule imaging of FND-TGF in live cells. a) 2D image of FND-TGF in HCC827 cells at different time points (0, 30, and 60 min). 
Right: Control sample. HCC827 cells treated with unconjugated FND. White dotted circle represents the cell boundary. Scale bar: 3 µm. b) Representa-
tive different trajectories of FND-TGF in live cells. Left: Immobile ( D  = 0.01 µm 2  s −1 ). Middle: Anomalous ( D  = 0.2 µm 2  s −1 ,  α  = 0.6). Right: Brownian 
( D  = 3 µm 2  s −1 ,  α  = 0.9). Data were acquired at 20 Hz for 5 s. c) Individual MSD as a function of time for FND-TGF in live cells (15 cells, 775 tracks). 
d) Distribution of anomaly parameter ( α ) for FND-TGF-BSA in untreated cells. The mean value and fraction of anomaly for different population 
(0.48 of 32%, 0.96 of 43%, and 1.5 of 25%) were derived through fi tting the distribution with three-peak Gaussian functions.
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mean active transport MSD to directed motion with diffusion 
equation (Equation  ( 14)  ) [ 39 ]  and the velocity is extracted as 
1.2 µm s −1  (Figure S7, Supporting Information). This result is 
similar to instantaneous diffusion coeffi cient calculation vali-
dating the values.  

  2.3.     Single Molecule Imaging of FND-TGF with Small Molecule 
Kinase Inhibitors 

 Therapeutics for TGF-β-associated cancers are being devel-
oped that target TGF-β signaling, [ 4 ]  including the use of neu-
tralizing antibodies that target ligands and receptors, [ 40 ]  SMI 
against TGF-β kinase, [ 41,42 ]  and antisense oligonucleotides. [ 43 ]  
Although SMIs are advantageous because they are inexpensive 
to produce and are easy to administer orally, the exact mech-
anism of these drugs is not known. Here, we studied how 
LY2157299, [ 41 ]  an SMI targeting the TGF-β serine/threonine 
kinase that has antitumor effects in patients with glioblastoma 
and hepatocellular carcinoma, changes the dynamics of TGF-β 
activities in live cells. Single molecule tracking of FND-TGF 
in cells treated with SMI were studied (Movie 2, Supporting 
Information). 

 We found the trajectories of FND-TGF to be mostly punctate 
spots and spatially restricted in cells without SMI ( Figure    4  a, 
left) compared to the cells treated with SMI (Figure  4 a, right). 
The MSD plot in cells treated with SMI also shows a variety of 
different diffusion behaviors (Figure  4 b), which is similar to 

untreated cells (Figure  3 c). However, the distribution of the dif-
fusion coeffi cients for cells treated with SMI shows a dramatic 
change in the fraction of the subpopulation (Figure S8b, Sup-
porting Information). The histogram was fi tted with a three-
Gaussian function with an immobile population (0.01 µm 2  s −1 ), 
an intermediate population (0.32 µm 2  s −1 ), and a fast diffu-
sion population (2.7 µm 2  s −1 ). The immobile fraction, which 
is mostly likely located on the surface of the cells, signifi -
cantly decreased from 27.4% in untreated cells to 5.3% after 
SMI treatment ( p  < 0.01), possibly due to LY2157299 inhib-
iting the formation of signaling complexes. In contrast, the 
fraction of intermediate and fast populations increased from 
47.7% to 58.8% ( p  < 0.05) and from 24.8% to 35.9% ( p  < 0.05), 
respectively. Furthermore, the mean diffusion coeffi cients 
for all the tracks (including fast, intermediate and slow diffu-
sion population) signifi cantly increased from 0.38 µm 2  s −1  in 
untreated cells to 1.0 µm 2  s −1  ( p  < 0.05) after SMI treatment 
(Figure  4 d). These results suggest that the blockage of the 
TGF-β signaling pathway could possibly release the immobi-
lized TGF-β population, allowing more TGF-β to freely dif-
fuse and undergo active transport in the cytoplasm. To fur-
ther confi rm the results from diffusion coeffi cient analysis, 
the anomaly ( α ) parameter obtained through fi tting the MSD 
(Equation  ( 8)  ) in untreated cells and cells treated with SMI are 
calculated. The distribution of alpha for both untreated and 
cells treated with SMI was plotted and fi tted with a three-peak 
Gaussian function, revealing three populations: subdiffusion 
with α at 0.48 for untreated and 0.41 for SMI treated cells, 
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 Figure 4.    Single molecule imaging of FND with small molecule inhibitor (SMI) treatment. a) FND-TGF single molecule trajectories overlaid with 
wide-fi eld fl uorescence images in cells without SMI (left) and with SMI (right). Color corresponds to the track numbers. Scale bar: 3 µm. b) Individual 
MSD as a function of time for FND-TGF when treated with SMI ( n  = 933 tracks). c). Distribution of anomaly parameter ( α ) for FND-TGF-BSA in SMI 
treated cells. The mean value and fraction of anomaly for different population (0.41 of 8%, 1 of 51%, and 1.54 of 41%) were derived through fi tting the 
distribution with three-peak Gaussian functions. d) Average MSD of FND-TGF in cells treated with SMI (black) and without SMI (blue). Red solid line 
is the linear fi tting of the MSD. Data are expressed as mean  ±  standard error.



FU
LL P

A
P
ER

371wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Brownian diffusion with  α  at 0.96 for untreated and 1 for SMI 
treated cells and superdiffusion with  α  at 1.5 for untreated 
and 1.54 for SMI treated cells (Figures  3 d and  4 c). The dif-
ferent anomaly values likely corresponding to slow ( α  < 0.9), 
intermediate (0.9 <  α  <1.1), and fast ( α  > 1.1) diffusion behav-
iors. While the anomaly values for different population are 
similar in the untreated cells compared to SMI treated cells, 
the fraction of subdiffusion population decreased from 32% 
to 8%. The fraction of Brownian diffusion and superdiffusion 
population increased from 43% to 51% and from 25% to 41%, 
respectively. This result confi rms our diffusion coeffi cient dis-
tribution analysis.  

 To confi rm and quantify the different diffusive states and 
the changes in states after treatment, we used a variational 
Bayesian treatment of a hidden Markov model (HMM) [ 44 ]  to 
analyze the single molecule tracking data of FNDs in untreated 
and SMI-treated cells (Equations  ( 9)   and  ( 10)  ). The variational 
HMM has the advantage that no presumptions of the number 
of states are required. We found that the best fi t was achieved 
by a three state model, with diffusion constants of 0.02, 0.32, 
and 2.4 µm 2  s −1  for untreated cells ( Figure    5  a) and 0.04, 0.35, 
and 2.3 µm 2  s −1  for cells treated with SMI (Figure  5 b). The 
immobile fraction decreased from 31.2% in untreated cells 
to 7.1% ( p  < 0.05) after SMI treatment. The fraction of inter-
mediate and fast population increased from 50.6% to 58.4% 
( p  < 0.05) and from 18.2% to 34.2% ( p  < 0.05), respectively. 
This observed heterogeneous diffusion behavior is consistent 
with the aforementioned analysis. More importantly, the tran-
sition rate per second between different statuses was derived 
from variational HMM (Figure  5 ). We found that the transi-
tion rate of changing from immobile to intermediate status 
increased signifi cantly (from 0.8 to 1.6 s −1 ,  p  < 0.05) and the 
transition rate of changing from fast to intermediate popula-
tion (from 7.2 to 4.4 s −1   p  < 0.05) decreased signifi cantly after 
SMI treatment, demonstrating that the kinetic reaction favors 
intermediate and fast diffusion populations. This analysis con-
fi rms that SMI can release the immobilized TGF-β population 
for faster diffusion.    

  3.     Conclusion 

 In this work, we demonstrate that FNDs can be used as a spe-
cifi c endogenous protein tag for long-term imaging due to 
its superior optical properties, biocompatibility, and ease of 
functionalization. Moreover, it provides ultrahigh localization 
accuracy in 3D for nanoscopy applications. Combining FNDs 
with 3D single molecule imaging techniques, we monitored 
the direct traffi cking process of discrete TGF-β signaling. 
The TGF-β showed a highly heterogeneous behavior in cells 
revealing three different states: immobile, intermediate, and 
fast diffusion. After SMI treatment, the immobile population 
signifi cantly decreased while the intermediate and fast popula-
tion increased. Furthermore, variational Bayesian HMM anal-
ysis showed that therapeutic SMI could change the transition 
rates dramatically between the three states and push the kinetic 
reaction toward intermediate and fast diffusion states. Our 
results reveal that immobilized TGF-β is critical for the active 
signaling pathway and SMI treatment could increase the dif-
fusion coeffi cient of TGF-β by releasing it from large binding 
complexes. Our work introduces a novel application of FNDs 
as specifi c endogenous protein tags in live cells to study trans-
membrane signaling function and dynamics. This method 
can be used to investigate how a drug infl uences the dynamic 
behaviors of the target protein in live cells. This provides an 
unprecedented opportunity to understand the mechanisms of 
the TGF-β pathway and aid our development of better thera-
peutic strategies to treat TGF-β-associated cancers.  

  4.     Experimental Section 
  Cell Culture and Buffers : The human lung adenocarcinoma cell line 

HCC827 was obtained from American-type culture collection (ATCC). 
HCC827 cells were grown in Roswell Park Memorial Institute (RPMI) 
1640 (Hyclone) media supplemented with 10% fetal bovine serum. 
Cells were maintained in an incubator at 37 °C with 5% CO 2 . For live 
cell fl uorescence microscopy studies, cells were seeded onto a sterilized 

No. 1.5 coverslip (VWR International, Batavia, IL) 
and placed inside a six-well plate. The coverslips 
are cleaned with Piranha solution [ 45 ]  (70% sulfuric 
acid (99% w/v) and 30% hydrogen peroxide (35% 
w/v). LY2157299 was purchased from Cayman 
Chemical. Endosomal-representative buffer was 
prepared based on previously report [ 33 ]  (44 × 10 −3   M  
citric acid, 156 × 10 −3   M  dibasic sodium phosphate, 
and 17 × 10 −3   M L -cysteine, pH = 6). Anti-TGF β 
Receptor I (SAB2700824) and anti-TGF β Receptor 
II (SAB4502960) were purchased from Sigma. 

  Fluorescent Nanodiamond Preparation : 
Fluorescent nanodiamonds were synthesized 
according to a previously described method. [ 16 ]  
Briefl y, 40 nm type Ib nanodiamonds (Guangzhou 
Fanxing Trading Co., China) were treated using 
a electronic irradiation beam in Gy Irradiation 
Technology Co., Ltd. (Shenzhen, China) to create 
vacancies in the diamond crystal. FNDs were 
formed with thermal annealing in a vacuum at 
800 °C for 2 h. FNDs were then washed in distilled 
deionized water and stored at room temperature. 
FNDs were surface functionalized with carboxyl 
groups in concentrated H 2 SO 4 -HNO 3  (3:1, v/v) at 
100 °C for 3 h. 
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 Figure 5.    Kinetic analysis of FND-TGF dynamics of different states by Hidden Markov models. 
Green: immobile state; red: intermediate state; and blue: fast diffusion state. a) Untreated cells 
b) Cells treated with SMI. Trajectories longer than four steps are applied for analysis. The transi-
tion rate (per second), diffusion coeffi cient ( D ), and fraction ( F ) are derived from the analysis. 
The size of the ball corresponds to the fraction of different population.
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  Covalent Conjugation of FNDs with Streptavidin : FNDs were conjugated 
with streptavidin according to a previously described method. [ 17 ]  Briefl y, 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) and Sulfo-NHS 
(Thermo Scientifi c, USA) were added to activate the carboxyl groups. 
Then, the FNDs were PEGylated by adding  O -(2-aminoethyl)- O ′-(2-
carboxyethyl)polyethylene glycol hydrochloride (Sigma-Aldrich) for 
6 h. After washing with deionized water, the PEG-FND was activated by 
EDAC and Sulfo-NHS to react with streptavidin (Thermo Scientifi c) for 
4 h. The SA-PEG-FND particles were coated with BSA for 2 h. 

  Conjugation of FNDs with TGF : TGF (TGF-beta1, R&D Systems, USA) 
was biotinylated through carboxyl group substitution using sulfo-NHS-
biotin (Thermo Scientifi c, USA) at stoichiometric ratios that resulted in 
two or less biotins per TGF. The biotinylated TGF was purifi ed using a 
protein concentrator (9K MWCO, Thermo Scientifi c, USA). 

 FND-TGF complexes were formed by gentle vortexing and incubating 
biotinylated TGF with SA-PEG-FND at a 1:1 molar ratio (4 °C, 1 h). The 
FND-TGF was purifi ed by centrifugation at 6000 rpm for 10 min. After 
conjugation, a small amount of FND-TGF solution was dispersed and 
imaged on glass coverslip for characterization. 

  Cell Proliferation Assay : HCC827 cells cultured in medium free of 
phenol red were seeded in a 96-well plate at a density of 10 4  cells per 
well in a 100 µL volume. Cells were maintained at 37 °C for 24 h after 
treatment with FNDs of different concentrations. Cell viability was 
then determined based on reduction activity of MTT assay (Vybrant 
MTT cell proliferation Kit, Life Technologies). The FND-treated cells 
were incubated with the MTT reagent for 3 h at 37 °C. sodium dodecyl 
sulfateHCL (SDS-HCL) solution (100 µL) was added to each well with 
thorough mixing, followed by incubation for 1 h. The absorbance at 
570 nm was read. The results are expressed as percentages. 

  Western Blot Analysis of Smad2 Phosphorylation : HCC827 cells were 
fi rst treated with FND-TGF, TGF-β1, or FND for 30 min, respectively. 
After that, the cells were washed with cold tris-buffered saline (TBS) 
buffer, collected by manual scraping using a rubber policeman 
and pelleted by centrifugation. The cell pellet was suspended in 
gentle lysis buffer (10 × 10 −3   M  Tris-HCl at pH 7.5, 10 × 10 −3   M  NaCl, 
10 × 10 −3   M  ethylenediaminetetraacetic acid (EDTA), 1% TritonX-100, 
1 × phosphatase inhibitor cocktail (Roche), 1 × protease inhibitor 
cocktail (Roche), 1 × 10 −3   M  dithiothreitol (DTT) and 10 mg mL −1  of 
RNase A ) and incubated on ice for 15 min. The insoluble materials 
were removed by centrifugation at 13 400 g in a microcentrifuge at 4 °C 
for 15 min. 30 µg total protein was resolved by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE), followed by western 
blot analysis using Phospho-Smad2 (Ser465/467) Antibody (#3101, 
Cell Signaling Technology) or Smad2 antibody (#3122, Cell Signaling 
Technology). 

  3D Single Molecule Microscopy : The 3D single-molecule experiments 
were performed on a home-built Nikon Ti-E microscope coupled with a 
100× oil-immersion objective lens (Nikon, NA = 1.49). The microscope 
was equipped with a multiband dichroic (405/488/561/633 BrightLine 
quad-band bandpass fi lter, Semrock, USA), a piezo  z -stage (Nano-Z 
Series, Madcity Lab Inc., USA) and live cell incubator (Okolab). The 
laser (561 nm; OBIS, Coherent, USA) with refl ected from the multiband 
dichroic mirror was focused into the back focal plane of the objective 
to generate wide-fi eld illumination (1 KW cm −2 ). The emission was 
collected by the same objective passing through a single-band bandpass 
fi lter (675/67 nm, Semrock, USA). A cylindrical lens (focal length = 1 m) 
was placed in front of the EMCCD (iXon X3 DU-897, Andor Technologies, 
USA) to introduce spherical aberration to distort the symmetric point 
spread function (PSF) of the dipole emission into an elliptical point 
spread function (PSF) whose aspect ratio depended on the precise 
 z  position as described by Huang et al. [ 20 ]  The microscope, lasers, 
emission fi lters, and the camera were controlled through  µ -manager. 
All live cell imaging experiments were performed at 37 °C with 5% CO 2 . 
The acquisition time for all the 3D single molecule tracking is 50 ms 
(20 Hz). All the single molecule tracking experiments in untreated 
and cells treated with SMI are performed in the well-controlled same 
condition. The cells were incubated for 30 min at 37 °C with 10 × 10 −9   M  
FND-TGF-BSA in phenol red free Opti-MEM I medium before imaging 

was conducted. Typically, tracking were collected with a short period 
time (2500 frames) per cell for both conditions. 

  In Vitro Single Molecule Imaging of FNDs by TIRF : To characterize 
optical properties, individual FNDs were imaged on clean coverslips 
using the same home-built microscope described above with total 
internal refl ection fl uorescence (TIRF) illumination. In TIRF, fl uorescent 
molecules are excited by an evanescent wave generated by refl ecting a 
laser beam off the coverglass when the laser reaches a critical angle. 
Because of the weak nature of this energy fi eld and the thin  z  depth 
coverage, it provides a very high signal-to-noise ratio for single molecule 
imaging. The No. 1.5 coverslips were cleaned with Piranha solution. 
Subsequently, coverslips were thoroughly cleaned with Millipore water 
multiple times. Then, 200 µL of FNDs was deposited onto the cleaned 
coverslips for 10 min, following which the coverslips were washed three 
times before imaging. A 100× Oil-immersion TIRF objective lens (Nikon, 
NA = 1.49) was used to achieve objective-type total internal refl ection. 
The incident angle of 561 nm laser was varied until it reached a critical 
angle for the imaging of individual FNDs on the coverslip. The emission 
was collected by the same objective and collected by a bandpass fi lter 
(675/67 nm, Semrock, USA). 

  Confocal Microscopy of FND Internalization : Confocal images were 
taken with a Zeiss 710 system (Zeiss, Germany). An oil-immersion 
63× objective lens (NA = 1.4) was used. The samples were excited with 
a laser at 561 nm, and the fl uorescence was detected using a GaAsP 
detector in the range of 640–700 nm. A pinhole size at 1 airy unit was 
set during confocal image acquisition with a live-cell-compatible stage at 
37 °C with 5% CO 2  supply. 

  Fluorescence Correlation Spectroscopy for FND : FCS measurements 
were performed using a scanning confocal microscope (Olympus, 
Japan) with a Picoquant FCS upgrade system (Picoquant, Germany). A 
561 nm laser (Melles Griot, USA) was used as an illumination source 
and delivered to the sample through an apochromatic 60×, 1.2 NA water 
immersion objective (Olympus, Japan). The emitted fl uorescence was 
refl ected by a dichroic mirror (ZT594rdc-UF2, Chroma) and fi ltered by 
emission fi lters (675/67 nm, Semrock, USA) before detection by single 
photon avalanche photodiodes (SPCM, PerkinElmer Inc.). 

 In FCS measurements, the fl uorescent intensity as a function of 
time ( F ( t )) was recorded. The time-dependent fl uorescence fl uctuations 
 δF ( t ) around the average values were thus obtained. The normalized 
autocorrelation function was calculated based on the following equation 
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 where 〈 F ( t )〉 stands for the mean value and  τ  is the time delay. The 
autocorrelation function of FNDs was fi tted into a 3D diffusion model [ 46 ] 
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 where  N  and  τ  D  are the number of fl uorescent molecules in the detection 
volume and diffusion time of the fl uorescence molecules, respectively, 
and kappa is defi ned as the ratio of the axial beam size  z  and radius  ω . 
The diffusion time is defi ned as 

    4D
τ ω=

 
 (3) 

 where  D  is the diffusion coeffi cient. The effective confocal volume was 
calibrated using Alexa Fluo 546 dye (Life Technology) with a known 
diffusion coeffi cient of 341 µm 2  s −1 . [ 47 ]  Assuming a 3D Gaussian confocal 
beam, the volume was approximated by 

    eff
3/2 2V zπ ω=   (4)   

 The size of the FNDs can be calculated through the Stokes–Einstein 
equation based on the diffusion coeffi cient measured by FCS 
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   6
D kT

rπη=
 
 (5)

 
 where  η  is the viscosity of the medium,  k  is Boltzmann's constant,  T  is 
the absolute temperature, and  r  is the radius of the particle. 

  Analysis of FND Single Molecule Trajectories : The PSF were fi tted using 
a 2D asymmetric Gaussian fi t 
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 where ( x  0 ,  y  0 ) is the center position of the peak and  w x   and  w y   are the 
widths of the PSF. FNDs were used to calibrate the absolute  z  position 
at a step size of 10 nm using the piezo  z  stage. The  w x   and  w y   were 
correlated to the  z -position relative to the focal plane based on the 
calibration data. The  w x   and  w y   as a function of  z  was fi tted with a 
defocusing function as described in a previous report [ 20 ] 
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 (7) 

 where  a  is the offset of the  x  or  y  focal plane from the average focal plane 
and  d  is the focus depth. 

 After obtaining the 3D localization, the 3D single molecule tracking 
was performed based on u-Track algorithm. [ 48 ]  In order to determine 
the optimal number of MSD points to obtain the best estimate of  D , a 
control parameter named the reduced localization error  x  =  σ  2 / D Δ t  is 
calculated. [ 49,50 ]  When  x  << 1, a short time lags give the optimal fi tting of 
 D ; When  x  >> 1, a larger number of MSD points are needed to obtain a 
reliable estimate of  D . In our case, this dimensionless ratio was derived 
 x  << 1. Therefore, the diffusion coeffi cient of the FND was calculated 
based on fi tting the MSD of the molecules for the fi rst six time lapses 
and analyzed with an MSD analyzer. [ 51 ]  

 The mean square displacement of molecules in 3D is described as 
follows 

   62r Dt〈 〉 = α
 
 (8) 

 where  D  is the diffusion coeffi cient of the fl uorescence molecules,  t  is 
the time, and  r  2  is the mean square displacement. 0.9 <  α  < 1.1 indicates 
Brownian diffusion;  α  > 1.1, [ 52 ]  superdiffusion (e.g., active transport); 
and 0.1 <  α  < 0.9, [ 53 ]  subdiffusion (e.g., anomalous). [ 54–56 ]  The diffusion 
coeffi cient histogram was then fi tted with three-Gaussian peak to 
distinguish subpopulations. 

  Bayesian Treatment of HMM Analysis : HMM analysis of the single 
particle tracking data was carried out with a modifi ed vbSPT program 
originally developed by Persson et al. [ 44 ]  The expressions for the joint 
distribution of positions, hidden states, and parameters, can be 
factorized as 
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 The left side of the equation is the parameter and the fi rst two items 
on the right side are distribution of positions and conditional and 
hidden states. In particular 
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 The results were computed on Matlab 2013a with a parallel 
computation toolbox. 

  Characterization of FND-TGF-BSA : The size distribution of FND-
TGF-BSA in water was performed using DLS by Malvern Zetasizer 

3000 E (Malvern, UK). The morphology and size of the FND-TGF were 
characterized using TEM (Tecnai G2 20, FEI, The Netherlands). 

 To quantify the number of TGF attached to the surface of the FNDs, 
we fi rst estimated the concentration of FNDs by FCS. The number of 
molecules ( N ) in the confocal volume was obtained through fi tting the 
autocorrelation function with Equation  ( 2)  . For time  τ  = 0, the amplitude 
of autocorrelation provides a measure of the average number of 
molecules in the confocal volume given by 
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 where  C  is the concentration and  V  eff  is the effective confocal volume. 
Therefore, the concentration of FND is given by 

   eff
C N

V
=

 
 (12)   

 Next, the protein concentration is determined using absorbance at 
280 nm. The amount of TGF conjugated to the FND was calculated 
using the following formula: TGF to FND = total TGF added − TGF in 
the supernatant solution. 

 To quantify the brightness of FND-TGF-BSA, the following 
relationship was applied 

    
Photons

counts ADU conversion factor
EM gain QE

= ×
×  

 (13)   

 The analogue-to-digital unit (ADU) conversion factor can be found 
from the camera performance datasheet with corresponding system 
readout rate and Preamp setting. The counts were calculated through 
fi tting the FND-TGF-BSA with 2D Gaussian function. 

  Calculation of Velocity of Active Transport Trajectories : Instantaneous 
diffusion coeffi cients ( D  in ) were calculated by linear fi tting an MSD 
curve with a sliding window size of ten time lags. Active transport tracks 
were found through identifying transitions (from immobile to mobile 
diffusion) from the  D  in  time trace. 

 The velocity of active transport trajectories was calculated based on 
fi tting the MSD with following relationship [ 39 ] 

 62 2r Dt vt( )〈 〉 = +α
 
 (14)   

 The equation refl ects the dominance of the active transport 
component at longer time. 

  Statistical Analysis : Data obtained have been expressed as mean 
± standard deviation unless stated otherwise. The comparison was 
analyzed by one-way analysis of variance (ANOVA) with the post hoc 
Tukey’s test applied for paired comparisons. The difference between 
means was considered signifi cant when the  P  value was <0.05. 

  Calculation of Localization Accuracy in Relationship to Signal to 
Background Ratio : It was well documented that the read noise, dark 
counts, and spurious noise can be virtually eliminated in deep-cooled 
EMCCD and thus single-molecule imaging are generally limited by shot 
noise. [ 57–59 ]  Therefore, in the case of bright sample, the SNR was defi ned 
as the following equation due to the nature of Poisson statistics 

   SNR N≈   (15) 

 where  N  is the number of photons recorded in a frame of data. 
 The theoretic localization accuracy was reported by Thompson [ 60 ]  as 
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 where Δ x  is localization error,  s  is the width (sigma) of the PSF from 
Gaussian fi tting,  N  is the number of photons, and  b  is the background 
noise. In the case of high photon numbers which is the case in our 
study, the localization precision Δ x  can be approximately as /S N  in 
normal 2D Gaussian fi tting. 
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 The SBR was defi ned as dividing the signal by background. The SBR 
for FND-TGF-BSA population in the fi xed cells was fi rst calculated. Then 
the 95% confi dence interval of SBR was estimated based on the 5% and 
95% quantile for nonnormal distribution data. [ 61 ]  The FND-TGF-BSA 
with different SBR was imaged continuously for 1000 frames followed by 
3D localization to measure the localization accuracy.  
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