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Abstract
Second near-infrared (NIR) window light (950-1,400 nm) is attractive for in vivo fluorescence
imaging due to its deep penetration depth in tissues and low tissue autofluorescence. Here we
show genetically engineered multifunctional M13 phage can assemble fluorescent single-walled
carbon nanotubes (SWNTs) and ligands for targeted fluorescence imaging of tumors. M13-SWNT
probe is detectable in deep tissues even at a low dosage of 2 μg/mL and up to 2.5 cm in tissue-like
phantoms. Moreover, targeted probes show specific and up to four-fold improved uptake in
prostate specific membrane antigen positive prostate tumors compared to control non-targeted
probes. This M13 phage-based second NIR window fluorescence imaging probe has great
potential for specific detection and therapy monitoring of hard-to-detect areas.
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Fluorescence imaging is a powerful imaging modality for non-invasive and non-radiative
detection of diseases and monitoring of treatment response1. Second near-infrared (NIR)
window light (950-1,400 nm) is attractive for in vivo fluorescence imaging due to its greater
penetration depth in tissues and low tissue autofluorescence compared to first NIR window
light (650-950 nm)2. Single-walled carbon nanotubes (SWNTs) show great promise as in
vivo fluorescence imaging agents due to their photoluminescence (PL) in the second NIR
window and their interband transitions in the first NIR window (650 −950 nm) allowing for
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excitation far from the emission line, further reducing background coming from excitation.
SWNTs have previously been used for fluorescence imaging of live cells in vitro3 and whole
animal in vivo4, 5. However, actively targeted, fluorescence imaging in vivo has not been
achieved. This is because it is challenging to achieve stable, biocompatible, and bright
SWNTs with sufficient intensity for in vivo second NIR window fluorescence imaging due
to the extremely hydrophobic surface of SWNTs and the sensitivity of the fluorescence to
defect creation and bundle formation. For successful in vivo fluorescence imaging, the
fluorescence intensity of SWNTs is critical as recently shown using SWNTs prepared by
surfactant exchange with biocompatible phospholipid-polyethylene glycol (PLPEG)5.
Moreover, to further utilize the second NIR window fluorescence imaging for specific,
accurate detection of targets such as malignant tumors and minimize non-specific uptake6,
coupling targeting functionality to brightly fluorescent SWNTs is required. However, there
has been no report on method or material system to obtain targeted SWNTs with bright
enough fluorescence for in vivo imaging.

M13 bacteriophage (or phage) is a versatile scaffold with five capsid proteins that can
display material-specific peptides7, 8 and/or targeting motifs9 through genetic engineering.
In addition, its filamentous shape (length ~880 nm and diameter ~6.5 nm) allows for
multivalent interaction with one-dimensional materials such as SWNTs along the length of
the phage, resulting in stable complexes (Fig. 1a). Recently, our group has shown that M13
phage with pH sensitive SWNT-binding peptide expressed on the major coat proteins, p8,
can effectively stabilize SWNTs in aqueous solution and be utilized for highly efficient
electron collection in photovoltaic devices10. However, the possibility of SWNTs stabilized
by M13 phage (designated as M13-SWNT) for biological applications has never been
reported, and the capability to genetically control the multiple capsid proteins of M13 and
spatially segregate their functionalities could be advantageous for constructing targeted and
fluorescent imaging probe complexes which have been challenging to realize.

In this report, we show that SWNTs stabilized by genetically engineered M13 phage can be
successfully utilized as an efficient in vivo fluorescence imaging probe. Moreover, we
demonstrate that genetically modified, multifunctional M13 phage can successfully
incorporate targeting functionality into brightly fluorescent SWNTs for second NIR window
fluorescence imaging of specific tumors in vivo. The M13-SWNT probe is detectable in
deep tissues even at a low dosage of 2 μg/mL and up to 2.5 cm in tissue-like phantoms. In
addition, antibody-targeted M13-SWNT probes show specific and up to four-fold improved
uptake in prostate specific membrane antigen (PSMA) positive prostate tumors compared to
control non-targeted probes. These results highlight the potential of the probe for specific
detection and therapy monitoring of hard-to-detect areas.

To assess M13-SWNT as an efficient fluorescence imaging agent, optical properties and
fluorescence stability of M13-SWNTs prepared as previously described10 were first
investigated. In this study, SWNTs prepared by high-pressure carbon monoxide (HiPCO)
were chosen rather than fluorescent semiconductor-rich CoMoCAT SWNTs since HiPCO
SWNTs have more SWNT species with relatively large diameters which fluoresce at longer
wavelengths (up to ~1,600 nm) than CoMoCAT SWNTs (up to ~1,100 nm)10. The
absorption spectrum and PL excitaion (PLE) map of the M13-SWNT probe in phosphate-
buffered saline (PBS) was compared to SWNTs dispersed by 2wt% sodium cholate (SC) in
distilled water, denoted as SC-SWNTs (Fig. 1b and 1c). The optical transition peaks of
M13-SWNTs show a small red shifting, most obvious in the lowest-energy interband
transition (wavelengths > 900 nm). The red shifting is due to different dielectric
environments surrounding the SWNTs after surfactant exchange with the M13 phage11, and
small bundling of SWNTs during the complexation10. The relative quantum yield of M13-
SWNT probe, calculated by comparing integrated PL intensity (957 nm- 1,291 nm), is about
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40% of the starting SC-SWNTs, and this relative quantum yield of M13-SWNTs is
sufficient for in vivo imaging as shown later (Fig. 2a and Fig. 4a). To test fluorescence
stability, the M13-SWNT probe in PBS was mixed with equal volume of either 100% fetal
bovine serum (FBS) or cell culture media supplemented with 10% FBS, and NIR PL
intensities of solutions were measured at various time points up to 24 h after mixing (Fig.
1d). M13-SWNTs in PBS and the culture media with 10% FBS retained their integrated PL
intensity throughout the tested period, while the probe in FBS showed a slight decrease in
the PL intensity after 3 h incubation. The decrease of PL intensity could be attributed to the
adsorption of serum proteins on the sidewall of SWNTs12 because the surface of SWNTs
bound by M13 is partially exposed to the solution10. However, the PL intensity remained
around 90% after the initial decrease and did not show noticeable aggregation, indicating the
probe is very stable13. Therefore, these genetically engineered M13-stabilized fluorescence
probes are serum stable and brightly fluorescent, showing promise for in vivo imaging.

We next examined the potential of the M13-SWNT probe for in vivo fluorescence imaging
using a custom-built NIR imager (Supplementary Fig. S1). Mice were imaged from the
dorsal side before and after intravenous injection (Fig. 2a) with 200 μL of 30 μg/mL of
SWNTs. Before injection, there is negligible tissue autofluorescence, which is one of the
advantages of second NIR window fluorescence imaging. At 10 min post-injection (p.i.),
fluorescent M13-SWNTs are visualized throughout the vasculature and are evident in the
highly fenestrated, vascular-rich kidneys. This vasculature is still visible but less obvious at
1 h p.i. and becomes featureless at 4 h p.i.., consistent with the observed blood circulation
behavior (Fig. 2b). The kinetics of M13-SWNT is beneficial for imaging since the ability to
optimize tissue uptake while minimizing the background signal from circulation is critical
towards successful imaging14. Fluorescence from M13-SWNT probe is mostly observed in
liver, spleen, and bone due to immune clearance by these organs of the reticuloendothelial
system. Similar clearance has been reported with other nanomaterials15 including SWNTs16

and quantum dot (>20 nm) probes17. It is noted that raw signal from liver and spleen is
clearly detected from the dorsal side, which is challenging to obtain using visible or first
NIR window light. We could detect M13-SWNT probes in deep organs even at a low dosage
of 2 μg/ml of SWNTs (0.022 mg/kg) (Fig. 2c) and up to 2.5 cm depth in tissue-like
phantoms (Fig. 2d and Supporting Information). These low dosage and depth results
highlight the advantages of the second NIR window fluorescent M13-SWNT probe.

Taking advantage of the versatility of the M13 scaffold, various targeting moieties were then
incorporated into M13 and further screened for efficient targeting in vitro. To couple
targeting functionality to SWNTs without compromising the fluorescence of SWNTs, minor
coat protein p3, located at the proximal tip of M13 and spatially separated from SWNT-
binding p8 proteins, was engineered to express either peptide ligands or peptide handles for
site-specific antibody conjugation (Fig. 1a and Supporting Information). A peptide identified
from phage display against Secreted Protein, Acidic and Rich in Cysteine (SPARC)
(SPARC-binding peptide, designated as SBP)18 was genetically engineered into the p3
protein of the SWNT binding M13. SPARC is a matricellular protein overexpressed in
various cancers, including prostate, breast and skin (reviewed in reference 19). For an
antibody binding system, we engineered a 15-amino acid biotin acceptor peptide (BAP)
tag20 onto the p3 of M13 for site-specific conjugation of antibodies (Supporting
Information). The resulting BAP expressing M13 was biotinylated using birA biotin protein
ligase enzyme in appropriate buffer conditions at 30°C for 12 h. After the reaction, the
biotinylated phage was purified by standard PEG/NaCl precipitation method. The
enzymatically biotinylated peptide allows us to add any streptavidin-conjugated antibodies
for desired targeting and removes the need for more complex and non-specific conjugation
chemistries. Here we conjugated an antibody against the extracellular domain of prostate
specific membrane antigen (PSMA), a cell surface marker overexpressed in various prostate
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carcinomas and endothelium of tumor vasculature21, 22. To conjugate PSMA antibody to p3,
approximately 500 μL of biotinylated phage-SWNT complex solution at 3 × 1013

complexes/mL was incubated with 10 μL of streptavidin-conjugated antibody at room
temperature for 12 h.

For screening, M13-SWNT probes displaying SPARC-binding peptide, PSMA antibody, or
no ligand (denoted as SBP-M13-SWNT, anti-PSMA-M13-SWNT, and M13-SWNT,
respectively) were incubated on LNCaP (higher SPARC expression and PSMA positive) and
DU145 (low SPARC expression and PSMA negative) human prostate cancer cell lines and
NIR fluorescence was measured to quantify specific uptake. There is about 5.3-fold and 8.3-
fold enhanced uptake of SBP-M13-SWNT and anti-PSMA-M13-SWNT in LNCaP
compared to DU145, respectively (Fig 3a). In the control, there is only minimal background
fluorescence present in DU145 and LNCaP and no targeting was observed. These results
correlate with the expression level of PSMA and SPARC (Fig. 3b). Flow cytometry
(Supporting Information) confirms PSMA expression in LNCaP, whereas DU145 is
negative for PSMA (Fig. 3b, top row). Moreover, there is moderate SPARC expression in
LNCaP compared to DU145 control (Fig. 3b, bottom row). Interestingly, there is
approximately 3.9-fold improvement in LNCaP targeting using anti-PSMA-M13-SWNT
compared to SBP-M13-SWNT (Fig. 3a). This could be explained by the difference in the
expression of cell surface markers, as confirmed by flow analysis. However, it is also
possible that the different binding affinity of peptide versus antibodies may affect uptake23.
By testing target and control cell lines, this in vitro assay allows us to screen probes and
validate uptake and specificity of our probes.

Based on in vitro screening, we identified anti-PSMA-M13-SWNT as our best targeting
candidate probe for subsequent investigation of tumor targeting and imaging in vivo. For the
study of targeted imaging in vivo, human xenograft prostate tumors were induced in six-to-
eight week old male nude nu/nu mice. Mice were subcutaneously injected in the right flank
with 3 × 106 – 4 × 106 LNCaP cells suspended with equal volume of Matrigel. Tumors were
grown until they reached 3-7 mm in diameter. Upon formation of tumors, mice were
injected intravenously with 200 μL of 30 μg/mL anti-PSMA-M13-SWNT and no targeting
ligand control M13-SWNT and imaged at several intervals up to 24 h p.i. The fluorescence
signal from anti-PSMA-M13-SWNT targeted tumor is clearly observed after 2 h and 4 h p.i.
(Fig. 4a, indicated with white arrows) and reaches a maximum of ~200% increase in PL
intensity at 4 h p.i. (Fig. 4a, right column and Fig. 4b). However, no obvious fluorescence
image of tumor is observed when injected with control M13-SWNT probe (Fig. 4a, left
column). Here, all the fluorescence images shown in fig. 4a are unprocessed, background-
only subtracted images. The tumor accumulation kinetics of anti-PSMA-M13-SWNT is
compared to the control M13-SWNT by quantifying the regions of interest from the
collected fluorescent images at different timepoints (Fig. 4b). At 4 h p.i., mice injected with
anti-PSMA-M13-SWNT show four-fold improved relative tumor PL increase compared to
control M13-SWNT, indicating targeted uptake. At this timepoint, the probe has already
cleared circulation and has accumulated in tumors. Tumors injected with negative control
M13-SWNT probe have an initial increase upon intravenous injection, but decrease and
reach background levels, suggesting minimal accumulation (Fig. 4b). Interestingly, at 1 h
p.i., both tumored mice show similar levels of PL increase (Figs. 4a and 4b) due to
circulating probes (Fig. 2b), making it difficult to specifically discern tumors at the earlier
timepoints. The targeted accumulation of anti-PSMA-M13-SWNT compared to no ligand
control M13-SWNT shown in Fig. 4a is further confirmed using image processing as
presented in Fig. 4c. For image processing, fluorescence images collected at 1 h p.i. were
subtracted from those at 4 h p.i. (Fig. 4a) after aligning the mouse positions using an image
gradient based rigid registration24 to remove effects from translation and rotation of the
mouse, followed with a deformable image registration25 to compensate for small
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deformations in limb positions and changes caused by breathing cycle, and the change of PL
intensity is represented as scaled colors (Fig. 4c). The positive number (red-side) indicates
the increase of PL intensity and the negative value (blue-side) represents a decrease of PL
intensity. The increase of PL intensity around tumor is clearly seen in the anti-PSMA-M13-
SWNT-injected mouse whereas there is no obvious PL increase around tumor in the non-
targeting probe-injected mouse, indicating the selective accumulation of probe in the
targeting tumors. It is noted that in addition to the tumor, there are other areas showing PL
intensity changes and these changes are mainly due to the misalignment while registering
the two mouse positions.

After 4 h, there is a decrease of anti-PSMA-M13-SWNT accumulation in tumors (Figs. 4a,
right and 4b), and this behavior may be mediated by M13 phage. Similar kinetics of targeted
phage accumulation in tumors have been reported by others18. Probes targeting molecules
overexpressed in tumor vasculature can exit, leading to decreased tumor accumulation at
later time points. Since M13 is a large macromolecule (> 200 nm) and less likely to
penetrate the vascular wall compared to small drugs or peptides23, it likely targets PSMA
also overexpressed in the tumor vasculature22. It is feasible that the decrease of PL intensity
observed in both non-targeted and targeted probes may be partially due to the possible
degradation of M13 phage by metabolic activity of cells and tissues, leading to bundling of
SWNTs and quenching of their fluorescence. However, this behavior would occur with both
non-targeted and targeted probes and therefore the PL difference between probes can still be
attributed to targeted uptake.

To further confirm targeting, probe uptake in tumors was analyzed ex vivo. To quantify
tumor uptake relative to muscle background, fluorescent images of the tumor and muscle
excised at 24 hr p.i. were acquired and fluorescent intensities of image regions of interest
were obtained. The NIR PL ratio of tumor to muscle of anti-PSMA-M13-SWNT is ~2.9 and
this ratio is about two fold higher than non-targeted M13-SWNT (~1.4) (Fig. 5a), indicating
preferential tumor uptake of anti-PSMA-M13-SWNT. We also confirmed anti-PSMA-M13-
SWNT uptake at the microscale by NIR fluorescent microscopy. Harvested tissues and
tumors were embedded in OCT resin and snap frozen in dry ice, and then cut into five
micron sections. NIR fluorescence microscopy of sectioned tumors confirms anti-PSMA-
M13-SWNT accumulation (Fig. 5b, upper right panel), whereas M13-SWNT is not seen in
tumors (Fig. 5b, upper left panel). To validate uptake is specific and selective, PSMA
expression on both tumors were examined through immunostaining. Adjacent tumor
sections were probed with anti-PSMA antibody and secondary horseradish peroxidase
conjugate and incubated with DAB chromogenic substrate. The resulting brown color of
tumor sections (Fig. 5b, bottom row) is indicative of PSMA expression in both tumors,
confirming uptake of anti-PSMA-M13-SWNT is specific and not artifactual.

It is noted that the two-fold improvement in PSMA targeting in vivo achieved in this work is
equivalent to results reported by others targeting PSMA using aptamers and antibodies with
diblock polymers26, quantum dots27, and indocyanine green conjugates28. Increasing
targeting efficiency of nanoparticles is a challenge to the nanomedicine community. To
improve targeting of the phage-based nanoprobes, other combinations of targeting ligands/
antibodies and receptors could be exploited. Moreover, the phage targeting platform can be
combined with methods to further amplify tumor targeting, including bioorthogonal
chemistries29 for pre-targeting, biomimetic amplification30, and communicating
nanoparticles31.

In addition to enabling targeted fluorescence imaging of tumors in the longer wavelength
window (beyond 1000 nm), the phage-based probe could offer other unique opportunities.
First, due to the filamentous structure and genetically modifiable various capsid proteins of
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M13, multiple imaging nanoparticles or SWNTs can be loaded along the phage and
targeting ligands can be conjugated onto the tip of the phage site-specifically, enabling
delivery of a higher payload of nanoparticles to receptors, thereby enhancing detection
sensitivity. This configuration is difficult to achieve with other nanoparticle-based imaging
schemes and this scheme will be particularly useful when the target receptor density of the
tumor cells is low. Second, since there are more functional groups for further modification
on major coat protein, p8, and the other tip protein, p9, of the phage, different nanoparticles
such as gold nanorods32 or iron oxides33 can be easily conjugated onto the phage for
enhanced fluorescence or multimodality imaging.

Using genetically modified multifunctional M13 phage as a template to assemble fluorescent
single-walled carbon nanotubes (SWNTs) and ligands, we have successfully utilized
SWNTs for second NIR window fluorescence imaging of molecularly targeted tumors for
the first time. By engineering multiple capsid proteins of M13 phage independently, we
were able to incorporate targeting capability into SWNTs without compromising the in vivo
stability of the fluorescence of SWNTs. M13-SWNT probe was detectable in deep tissues
even at a low dosage (2 μg/mL) and up to 2.5 cm in tissue-like phantoms, showing the
potential for early, non-invasive diagnosis and clinical procedures, such as intra-operative
surgery13, 34, 35.

Future work to develop image processing methods36 and enhance signal amplification of
M13-SWNT through utilizing longer SWNTs37, additional genetic engineering of the M13
phage for multiple peptide display38, and synthesizing hybrid materials for metal enhanced
fluorescence of SWNTs32, and further amplify tumor targeting utilizing bioorthogonal
chemistries29 for pre-targeting, biomimetic amplification30, and communicating
nanoparticles31 will allow us to image traditionally hard-to-detect areas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schematic of the imaging probe and its characteristics
a, M13-SWNT imaging probe: p8 is used to stably disperse SWNTs along the length of the
virus, p3 is engineered for targeting with three different ligands, SPARC binding peptide
(SBP), PSMA-antibody (anti-PSMA), and no-ligand. b, UV-vis-NIR absorption spectra and
c, PL excitation (PLE) map of M13-SWNTs in phosphate-buffered saline (PBS) compared
to SWNTs dispersed by 2wt% sodium cholate (SC) in distilled water (denoted as SC-
SWNTs). There is small red shifting of peaks. d, Serum stability test of M13-SWNTs. M13-
SWNT is incubated in PBS, fetal bovine serum (FBS) and tissue culture media with 10%
FBS, and PL intensity is measured to 24 h. HiPCO SWNTs are used for all studies.

YI et al. Page 9

Nano Lett. Author manuscript; available in PMC 2014 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Kinetics and sensitivity of the fluorescent M13-SWNT imaging probe
a, Fluorescence images of M13-SWNT injected mouse at various time points. At 10 min and
1 h post-injection (p.i.), vasculature and fenestrated kidneys can be observed. Dosage was
0.33 μg of SWNT/g (200 μL of 30 μg/mL SWNTs probe solution) and acquisition times for
all images were 0.5 s. Signals from liver, spleen, bone, and spine are indicated by arrows. b,
Blood circulation of M13-SWNT. The circulation time was determined as the timepoint
when %ID/g of SWNT in blood falls to 5%, and the blood circulation of M13-SWNT was
approximately 60 min. Each data point is the mean ± s.d. from n=3 animals. c, Fluorescence
image of a mouse injected with 2 μg/mL (200 μL, 0.022 mg/kg of SWNTs) probe solution.
Liver and spleen are clearly seen on the dorsal side. Image was taken at 2 h p.i. Acquisition
time was 0.5 s. d, Penetration depth of M13-SWNT in tissue-like phantom studies. Quartz
capillary tube of M13-SWNT (left) is inserted into 6 cm3 tissue phantom (middle) and
imaged using custom-built imager. Reconstructed 3D stacked image (right) shows M13-
SWNT detectable at 2.5 cm depth.
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Fig. 3. Targeting of the probe in vitro
a, In vitro binding assay of SBP, anti-PSMA, and no ligand displayed on the probe and
incubated on LNCaP and DU145 prostate carcinoma cell lines. PL intensities are measured
using custom-built imager. Acquisition times were 1 s for all samples. b, Expression of
PSMA and SPARC in LNCaP and DU145 cell lines. FACS analysis shows expression of
PSMA and SPARC in LNCaP (A, C blue histogram), respectively. Expression is not seen in
DU145 cell line (B, D blue histogram). Red histogram is control.
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Fig. 4. In vivo targeting of tumors
a, In vivo second NIR window fluorescence images for LNCaP tumor-bearing mouse
injected with anti-PSMA-M13-SWNT (right column) or control M13-SWNT (without
ligand, left column) probes, taken at different time points. The clear tumor uptake of anti-
PSMA-M13-SWNT injected mouse, maximized at 4 h p.i., shows active targeting capability
of the probe. No obvious fluorescence image of tumors was observed throughout the
timecourse when injected with control M13-SWNT (left column). Tumor areas are indicated
by white arrows. All images are unprocessed, background-only subtracted. Acquisition
times for the M13-SWNT mouse and the anti-PSMA-M13-SWNT mouse were 0.3 s and 0.5
s, respectively. b, Kinetics of tumor targeting. Each data point is the mean ± s.d. from n=3
animals. *P <0.01 for the entire set of data compared to no-ligand, using student t-test for
paired data with one-tailed distribution. c. Processed images of tumor accumulation of anti-
PSMA-M13-SWNT (top) and control M13-SWNT (bottom) probes. Images collected at 1 h
p.i. were subtracted from those at 4 h p.i. (Fig. 4a) after applying a rigid image registration
followed by a deformable image registration, and the change of PL intensity is represented
as scaled colors (positive number in red indicates increase of PL intensity and the negative
value in blue represents a decrease of PL intensity). PL intensity changes in other regions
are attributed to the misalignment while registering the two mouse positions.
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Fig. 5. Ex vivo analysis of tumor targeting
a, Relative targeted tumor uptake of anti-PSMA-M13-SWNT compared to no ligand control
was determined from NIR PL intensity ratios of tumor to muscle. Tumors and muscles were
collected at 24 h p.i.. Acquisition times for all samples were 0.5 s. Each data point is the
mean ± s.d. from n=3 animals. *P <0.05 compared to no-ligand, using student t-test for
paired data with one-tailed distribution. b, Probe uptake in vivo and immunohistochemistry
(IHC) (lower row). LNCaP tumors were injected with anti-PSMA-M13-SWNT or M13-
SWNT (without ligand) probe, shown in the right column and left column respectively. Five
micron-cut serial sections were measured for SWNT fluorescence (upper row) and stained
for PSMA expression (brown) (bottom row). PSMA expression in both tumors confirms
anti-PSMA-M13-SWNT uptake (upper right panel) is specific and non-artifactual. The
acquisition times for PL microscopy were 1 s and images for IHC were taken at 15 ms.
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