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Fuel-driven filamentous phage nanomotors
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Virus-based nanocarriers have shown great potential for noninvasive delivery of drugs, diagnostics, and

imaging agents to hard-to-reach anatomical locations. Yet, they largely depend on diffusion for transport,

often lacking the force to actively penetrate biological barriers, and navigation to guide therapeutic

agents. In these studies, the M13 bacteriophage, a linearly shaped virus, was converted from passive nano-

carrier to actively propelled, fuel-driven nanomotor. Using the distinctive low symmetry of its capsid, a

single Pt nanoparticle was added to one end of the M13 virus to form a tadpole-like structure. The Pt/

M13 head/tail nanomotors exhibited notably enhanced diffusion in the presence of hydrogen peroxide

fuel, and significantly improved uptake by SVOK3 ovarian cancer cells in vitro. Given the successes of the

M13 bacteriophage as a nanocarrier, the demonstration of this simple, but comparatively mobile M13-

based nanomotor platform represents an important step in advancing the potential therapeutic efficacy

of viral nanocarriers.

1. Introduction

The advent of nanoscale particles and structures has fueled
the development of nanomedicine. Colloidal structures, com-
monly known as nanocarriers, have the potential for noninva-
sive delivery of drugs, diagnostics, and imaging agents to
otherwise inaccessible regions of the body.1 Given the breadth
of environments and challenges presented by human physi-
ology, a diverse nanocarrier tool set is necessary. A number of
material candidates, both organic (e.g. liposomes, proteins)
and inorganic (e.g. metallic- or oxide-based nanocrystals), are
under investigation.2 Increasingly, structures composed of
natural, biocompatible substances have garnered attention.
Viruses or virus-based nanoparticles are one such example.3,4

These multivalent, monodisperse bionanomaterials are whole
bacteriophage, plant viruses, or repeating viral structural pro-
teins that are noninfectious to humans. Their well-controlled
surface chemistry contributes to easy functionalization, rela-
tively straightforward cargo loading4–6 and location specific
targeting within the body. Moreover, because capsids range
widely in size and shape, viral nanocarrier geometry can be
selected to match precise therapeutic objectives.

In recent years, the filamentous M13 bacteriophage has
drawn interest as a nanocarrier.7 It has proven useful for a

variety of potential nanomedicine applications including non-
invasive imaging and surgical guidance for tumor extraction,8,9

targeted delivery of cancer drugs and photodynamic
therapy,10–14 and treatment of bacterial infections.15–17 The
M13 wild type is a semi-flexible fiber 880 nm in length and
6.5 nm in diameter. Its length can be tuned genetically for
optimal nanocarrier performance.13,18 Compared to more iso-
tropic geometries, its small diameter and linear shape facili-
tate delivery to hard-to-reach anatomical locations including
those with highly restrictive pore sizes such as the brain.19,20

Five structural proteins comprise its capsid. In addition to
being easily functionalized, these viral coat proteins are extra-
ordinarily adaptable. As demonstrated by its widespread use in
combinatorial phage display, the M13 can be genetically engin-
eered to accommodate an impressive range of surface moieties
of various sizes and characters. Affinity fusions identified by
biopanning are necessarily stable within its capsid and can be
used directly within the viral nanocarrier without additional
steps. The pIII, a minor coat protein, and the pVIII, a major
coat protein, are used most regularly for combinatorial display.
Five copies of the pIII cap the proximal end of the virus while
approximately 2700 copies of the pVIII make up the wild type
phage body. The multivalency of these two proteins is particu-
larly advantageous for a nanocarrier platform, supporting
increased affinity through avidity in addition to superior
payload capacity. The pIII and pVIII can be separately modified
chemically, genetically, or both. This facilitates a high degree
of orthogonality, allowing convenient and independent control
over targeting and loading tasks.10,13,21 The overall structure of
the M13 capsid is also highly stable. It can readily withstand
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the span of pHs and mechanical stresses present within the
human body.22,23 As a lysogenic bacteriophage, the M13 can
also be inexpensively mass produced in a reactor, making wide
spread medical use feasible.24,25

Despite many advantages, M13 nanonarriers are ultimately
passive delivery vehicles. Like their inorganic counterparts,
these bio-based nanoparticles rely primarily on diffusion for
transport. Passive particles lack the force to actively penetrate
biological barriers, and navigation to guide therapeutic agents
precisely to their intended destination. Despite targeting
ligands, their accumulation often continues to depend heavily
on the enhanced permeation and retention effect, which can
be inefficient, resulting in slow delivery and a considerable off-
target distribution.26 Nanomotors, nanoscale structures that
convert energy from their surroundings into locomotion, have
potential to overcome these limitations. These tiny robots are
powered by catalytic reactions with chemical fuels or externally
controlled fields. Fuel-driven propulsion is often achieved
through structural or compositional asymmetry. Build-up of
reaction products on one side of a Janus particle creates
thrust, producing autonomous motion. While still emergent,
nanomotors have made remarkable advances in
nanomedicine.27–37 From relatively simple Pt-capped meso-
porous silica nanoparticles to more sophisticated icebreaker-
inspired nanorods that incorporate both a means of propul-
sion and path-clearing digestion of the extracellular matrix,
nanomotors have repeatedly demonstrated enhanced delivery
by accelerating motion and breaking through barriers.38,39

This superior mobility has yet to be fully exploited by viral
nanocarriers. The marriage of viral nanocarrier specificity with
nanomotor active propulsion has the potential to markedly
improve therapeutic efficacy while diminishing adverse side
effects caused by off-target toxicity. Thus far, viral nanomotors
have been composed of icosahedral capsids sputter coated to
form a Pt hemisphere for symmetry breaking and propul-
sion.40 The aforementioned semi-flexible linear shape,19,20

capacity for orthogonal functionalization,10,13,21 and innately
low structural symmetry of the M13 bacteriophage make it a
promising candidate for viral nanomotor design and
assembly.

Here, we report a simple M13-templated fuel-driven nano-
motor for increased cellular internalization. As illustrated in
Fig. 1, using the nonuniform distribution of cysteine residues
within its filament-shaped capsid, a single Pt nanoparticle was
attached to one end of a genetically modified cysteine-
enriched M13 bacteriophage via metal–sulfur bonding,
forming a tadpole-like geometry. The nanoparticle served as
both a propulsion mechanism and a near infrared (NIR)
photothermal agent. Trajectories of fluorescently tagged Pt/
M13 nanomotors were recorded with confocal laser scanning
microscopy (CLSM) in a range of H2O2 concentrations.
Propulsion, triggered by the addition of fuel, was accelerated
with increasing concentration. Compared to the M13 phage,
Pt/M13 nanomotors exhibited notably enhanced diffusion.
Their improved transport significantly boosted uptake by
SVOK3 ovarian cancer cells in vitro. The laser-activated photo-

thermal properties of the Pt/M13 nanomotors were also evalu-
ated. Following nanomotor internalization, cell viability was
adversely affected by 808 nm light. Given the successes of the
M13 bacteriophage as a nanocarrier, the demonstration of this
simple, but comparatively mobile M13-based nanomotor plat-
form has the potential to dramatically enhance its therapeutic
efficacy.

2. Experimental details
2.1. Modification and amplification of M13 bacteriophage

For nanomotor assembly, a M13 bacteriophage was genetically
modified to bind Pt nanoparticles using a previously reported
protocol.41,42 A cysteine-enriched peptide motif
(CNNPMHQNC) was introduced into each of the five pIII
minor coat proteins located at the proximal end of the
phage.43,44 This fusion increased the exposed cysteine residues
within the pIII from six to eight, increasing the opportunity for
metal–thiol interactions. Following modification, amplifica-
tion and purification of the cysteine-enriched phage clone was
conducted as previously described.45 The M13 stock solution
was suspended in 1× Tris-buffered saline (TBS, 50 mM Tris–
HCl, 150 mM NaCl, pH 7.5) at a concentration of 1 × 1011 pfu
μL−1 and stored at 4 °C.

Fig. 1 (a) Schematic of M13-templated nanomotor assembly approach.
The M13 was fused with a peptide sequence (CNNPMHQNC) that
brought two additional cysteines to each pIII minor coat protein. The
cysteine residues on pIII were reduced using NaBH4, breaking the
disulfide bonds and generating free thiols. These thiols facilitated the
binding of a Pt NP to the tip of M13 to form a Pt/M13 head/tail structure.
(b) The catalytic self-propulsion of the M13-templated nanomotors is
H2O2-driven.
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2.2. Fabrication of Pt/M13 tadpole-shaped nanomotor

In order to ensure efficient metal–sulfur bonding between Pt
nanoparticles and the M13 pIII minor coat protein, disulfide
bonds within the viral capsid were reduced. A 100 µL volume
of filamentous phage was diluted to a concentration of 1 × 108

pfu μL−1 in 10 mM Tris–HCl. The reducing agent, sodium
borohydride (NaBH4, Sigma Aldrich), was prepared and mixed
with the cysteine-enriched phage to reach a final concentration
of 5 mM.46 Reduction was performed in a 37 °C water bath for
30 min. Subsequently, the reducing agent was removed via dia-
filtration47 (100 kDa MWCO Amicon® Ultra, MilliporeSigma).
To minimize thiol re-oxidation, the deionized water used for
diafiltration was pre-treated by bubbling N2 through it for a
minimum of 30 min and reduced phage were used immedi-
ately. The thiol concentration was measured using Ellman’s
reagent (DTNB, 5,5′-dithio-bis-(2-nitrobenzoic acid), Thermo
Scientific) with a cysteine (L-cysteine hydrochloride monohy-
drate, Fisher BioReagents) standard curve, as shown in Fig. S1.
For these experiments, after reduction and diafiltration, the
phage solution was incubated with Ellman’s reagent for
15 min and the absorbance at 412 nm was measured.

In preparation for nanomotor assembly, the as-received Pt
nanoparticle solution (50 nm, 6.7 × 1011 particles per mL,
NanoComposix) was diluted with 2 mM sodium citrate to
twice the molar concentration of phage. The diluted Pt nano-
particles and freshly reduced phage solutions were mixed in
equal volumes and incubated at 37 °C for 6 h to allow binding.
Subsequently, two differential centrifugal steps were com-
pleted to eliminate excess Pt nanoparticles, agglomerates, and
unbound phage. First, the binding product was transferred to
a microcentrifuge tube and spun at 500 rcf for 15 min. The
supernatant, containing the nanomotors and free phage, was
carefully collected and placed in a new microcentrifuge tube.
Then, the collected liquid was centrifuged at 5000 rcf for
30 min. The upper liquid was discarded, and the pelleted Pt/
M13 head/tail nanostructures were redispersed in deionized
water for immediate use.

2.3. Characterization of nanomotor morphology and stability

Transmission electron microscopy (TEM, Talos L120C) was
used to characterize nanomotor assembly and morphology. To
prepare samples for imaging, formvar/carbon-coated copper
grids (200 mesh, Ted Pella, Inc.) were glow discharged for 20 s
using 20 mA of current. A volume of 5 µL nanomotor solution
was added to each pre-treated grid, incubated for 5 min, and
then rinsed twice with deionized water. Subsequently, samples
were stained with 2% uranyl acetate for 30 s and wicked dry.
For morphology evaluation, TEM images were captured in 40
randomly selected positions at a minimum magnification of
11 000×, such that at least 100 phages were observed per grid,
and at least three grids were examined. ImageJ,48 an open-
source image program, was used to characterize and categorize
the assembled structures.

To assess compatibility with fuel, bacteriophage was incu-
bated in H2O2 at varying concentrations (0.2%–3%) and incu-

bation times (up to 180 minutes), then titered. For each con-
dition, 10 μL of serially diluted phage was added to 200 μL of
ER2738 bacteria culture with an optical density of approxi-
mately 0.5 at 600 nm. The mixture was combined with agarose
top, spread on agar plates, and incubated overnight at 37 °C.
Plaque forming units (PFUs) were counted to determine phage
concentration.

The Pt/M13 nanomotors were analyzed by dynamic light
scattering (DLS) (Zetasizer Nano ZS90, Malvern Instruments,
USA) and stability was assessed. Apparent size distribution
measurements of nanomotors dispersed in deionized water
were taken in triplicate at 0 h and after 3 h of incubation at
37 °C. For comparison, measurements were also taken of Pt
nanoparticles under the same conditions.

2.4. Measurement of nanomotor motion

Confocal laser scanning microscopy (CLSM, Inverted Zeiss
LSM880) was used to evaluate nanomotor motion. For these
experiments, the cysteine-enriched M13 phage were dispersed
in phosphate-buffered saline (PBS), tagged with an amine-reac-
tive fluorescent dye (DyLight™ 550, ThermoScientific™), and
redispersed in 1× Tris-buffered saline prior to nanomotor
assembly. A glass bottom dish with lid and cover glass (Cellvis)
was used for confocal imaging to minimize drift caused by
solution evaporation or other environmental sources. The
effect of a range of fuel concentrations (0%, 0.2%, 0.5%, 1%,
1.5% and 3% H2O2) was investigated. For each fuel condition,
nanomotors were added to the fuel solution and their motion
was recorded immediately. Movement was evaluated in six
locations. Experiments were completed in at least triplicate.
Videos were recorded using a 20× objective at a rate of 13 fps
for up to 30 s. Using the TrackMate49 plugin for Fiji,50 nano-
motor trajectories were acquired and analyzed from the video.
A custom MATLAB code was employed to plot individual nano-
motor trajectories and calculate, fit, and plot their mean
square displacement (MSD), as well as to obtain nanomotor
diffusion coefficients. Based on the definition, the MSD was
calculated as:

MSDðΔtÞ ¼ hjxðti þ ΔtÞ � xðtiÞj2i ð1Þ
where x(ti) is the position vector of the nanomotor at time ti.

51

For statistical robustness, only displacement in 1/4 of the
maximum time interval of each track was used to plot and fit
the MSD of the nanomotors.52 The average and standard devi-
ation of the MSD of all trajectories for each fuel concentration
were calculated for comparison. The diffusion exponent and
diffusion coefficient of the nanomotors were obtained by
fitting the MSD as a function of time interval using the anoma-
lous diffusion equation. This power law relationship is given
as:53,54

MSDðΔtÞ ¼ 4DΔtα ð2Þ
where α is the diffusion exponent, D is the diffusion coeffi-
cient, and Δt is the time interval. The diffusion exponent was
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obtained by taking the logarithm of both sides of the equation,
then fitting α through a linear fit, as:55

logðMSDðΔtÞÞ ¼ α logðΔtÞ þ logð4DÞ ð3Þ
The steps in the first 0.4 s of selected time interval of each

track were excluded during the linear fitting for diffusion expo-
nent due to the noise at short times.55 For comparison, the
motion of dye-tagged cysteine-enriched M13 clones without
attached Pt nanoparticles was recorded and analyzed using the
same methods.

2.5. Nanomotor cell internalization

Cell internalization of nanomotors was evaluated in vitro using
CLSM. Approximately 5 × 104 SKOV3 ovarian cancer cells
(ATCC) per well were cultured in 100 µL of McCoy’s 5A
medium (30–2007, ATCC, Manassas, VA) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(Corning Inc., Corning, NY) in a 96-well plate at 37 °C with 5%
CO2. After seeding overnight, the culture medium was replaced
with a mixture of 50 µL medium and 50 µL Dylight 550-tagged
nanomotor solution containing either 0% H2O2 or 0.2% H2O2.
The cells were incubated with nanomotors for 3 h, then
washed three times with PBS and stained (LysoTracker™
Green DND-26, ThermoFisher) for 40 min. Cells were imaged
immediately following staining. Photoexcitation wavelengths
of 488 nm and 560 nm were used for Lysotracker and Dylight
550, respectively, while fluorescence emission was collected at
493–553 nm and 566–670 nm. Confocal microscopy images
were falsely colored: Lysotracker emission (green channel),
Dylight 550 emission (red channel), and bright field image
(grey channel). A z-stack scanning was taken for each position
with 1 μm interval and a total range of 70 μm. Three different
positions from each well were scanned. Integrated fluo-
rescence intensity was calculated for the nanomotor signal
within a 50 μm range centered on the maximum lysosome
fluorescence, ensuring signal was associated with internalized
nanomotors. A total of twelve positions were randomly
selected, analyzed and averaged for each condition. Pearson’s
R value was used to quantify the degree of correlation between
nanomotor and lysosome fluorescence signals. The image pro-
cessing software Fiji was used for both fluorescence intensity
analysis and Pearson’s R value calculation.

2.6. Evaluation of nanomotor photothermal properties

A continuous-wave (CW) NIR laser diode with a wavelength of
808 nm (LRD-0808-PFR02000-01; Laserglow Technologies,
Toronto, ON, Canada) and spot size of 0.25 cm2 was used to
study the photothermal properties of the Pt/M13 nanomotors.
A volume of 100 µL nanomotor (prepared by mixing 50 µL cell
culture media with 50 µL of nanomotor solution, resulting in
the same 100 µL mixture used in the internalization experi-
ment) was placed in a polypropylene microcentrifuge tube
with an approximate wall thickness of 0.7 mm for photother-
mal experiments. The microcentrifuge tube was placed in a
tube rack with lid open. The nanomotor solution was irra-

diated from the top using the NIR laser. The power density of
the laser was set at 1 W cm−2, 2 W cm−2, or 3 W cm−2. The
time for each photothermal irradiation treatment was 600 s. A
thermal camera (C3, FLIR) was used to record the solution
temperature from the side of the microcentrifuge tube during
the NIR irradiation. The photothermal conversion efficiency of
the system was calculated following a previously reported
method as described in the SI.56–60

2.7. Cell viability assay

A live/dead staining (LIVE/DEAD™ Viability/Cytotoxicity Kit,
for mammalian cells) was conducted to identify viable and
dead cells. Culture media of cells after treatment with nano-
motors or NIR irradiation was removed gently, and the cells
were incubated with 100 μL of mixed dye solution containing
Calcein AM (4 mM) and Ethidium homodimer-1 (2 mM).
Staining was performed at room temperature for 30 min.
Stained cells were imaged immediately with CLSM.
Photoexcitation wavelengths of 488 nm and 561 nm were used
for Calcein AM and Ethidium homodimer-1, respectively,
while fluorescence emission was collected in the spectral
ranges of 493–578 nm and 579–660 nm. Cell viability was
determined used Fiji image analysis software. Using an
850 μm × 850 μm field of view, six locations were randomly
selected, analyzed, and averaged to find the cell viability for
each condition. For viability assays that included nanomotors,
the cysteine-enriched M13 phage were tagged with an amine-
reactive fluorescent dye (DyLight™ 650, ThermoScientific™)
prior to assembly. For nanomotor imaging, a photoexcitation
wavelength of 633 nm was used and fluorescence emission
was collected from 659 to 759 nm.

3. Results and discussion
3.1. Fabrication and morphological characterization of Pt/
M13 tadpole-shaped nanomotor

Five different structural proteins make-up the nearly one
micron long M13 bacteriophage: two minor coat proteins at
each end (proximal: pIII, pVI; distal: pIX, pVII) and one major
coat protein along its length (pVIII). Whereas the pIII minor
coat protein has six exposed cysteine residues, the pVIII major
coat protein has none.61 This nonuniform and orthogonal dis-
tribution of cysteine residues within the viral capsid presents
an opportunity for assembly of tadpole-shaped Pt/M13 nano-
motors. In these studies, to further increase template asymme-
try, an additional peptide (CNNPMHQNC) was displayed near
the N-terminus of each of the pIII minor coat proteins. This
modification increased its exposed cysteine content by 33%.
Following sodium borohydride reduction of the cysteine-
enriched M13 clones, the free thiol groups were quantified
with Ellman’s reagent. On average, 82% of exposed cysteine
residues were reduced. When mixed with 50 nm diameter Pt
nanoparticles, these free thiols could facilitate the formation
of metal–sulfur bonds with the tip of the virus causing low-
symmetry Pt/M13 head/tail nanostructures to assemble.
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The resulting M13-based nanostructures were studied with
TEM. Representative images of the cysteine-enriched M13
clone and the assembled Pt/M13 nanomotors, both stained
with uranyl acetate, are presented in Fig. 2. The cysteine-
enriched M13 clones have a contour length of approximately
960 nm, as determined by TEM.41 The Pt/M13 nanomotors
exhibited the same filamentous structure and length with the
addition of a single 50 nm Pt nanoparticle on one end.
Following assembly and purification, 71% of the fabricated
products were identified as Pt/M13 head/tail tadpole struc-
tures, while the remaining 29% consisted of structures that
were more complex. As illustrated in Fig. S2, the complex struc-
tures can be divided into two main categories: those formed
by interactions between (1) Pt nanoparticles and the pVIII

major coat proteins, (2) Pt nanoparticles (or M13) and minor
coat proteins at the M13 distal end. A similar range of mor-
phologies has also been described for colloidal assembly of Au
nanoparticles and M13 bacteriophage into head/tail and
multi-armed structures.62,63 These researchers observed that
adjustment of M13 concentration and
nanoparticle : M13 molar ratio affected structure formation.
The Pt/M13 nanomotors were also analyzed with DLS. The
resulting data are shown in Fig. S3 and S4. The observed
multi-modal size distributions were a reflection of the high
aspect ratio, semi-flexible M13 filament, as well as sample
structural heterogeneity that encompassed both tadpoles and
larger complex geometries. To assess stability, weighted
averages (or z-averages) of the apparent size distribution were
recorded at 0 and 3 h and are provided in Fig. S5. Some aggre-
gation occurred within this time interval; however, the degree
of colloidal stability was highly batch dependent. While
additional work is necessary to increase head/tail particle
assembly and decrease colloidal heterogeneity, the yield and
stability achieved were sufficient for nanomotor motion
measurement.

3.2. Analysis of nanomotor motion

Prior to motion analysis, plaque assays were used to confirm
the compatibility of the M13 with H2O2 fuel. These measure-
ments quantify infectivity, which often correlates with viral
structural integrity. As shown in Fig. S6, exposure to H2O2

negatively affected phage infectivity. However, similar to a pre-
vious report that used 5% H2O2, effects were larger initially
and declined over time revealing some percentage of phage
remained infectious even with extended incubation.64 Given
an appropriate initial phage concentration, the residual phage
were deemed sufficient to support the head/tail nanomotor
structure within fuel.

M13-templated nanomotor motion was evaluated with
CLSM. For these studies, the M13 was fluorescently tagged
prior to nanomotor assembly. For reference, the absorbance
spectra of the fluorescent dye, as well as the labeled and
unlabeled M13 bacteriophage are plotted together in
Fig. S7(a). The labeling was sufficient to clearly image the M13
virus (Fig. S7(b)). The motion of Pt/M13 nanomotors and M13
bacteriophage was recorded with CLSM in a range of fuel con-
centrations using a 20× objective at a rate of 13 fps for up to 30
s. Corresponding trajectories were acquired with the
TrackMate plug-in. On average, an initial concentration
between 107 and 108 pfu μL−1 allowed visualization of approxi-
mately 2–3 nanomotors per 60 × 60 μm frame. The motion of
Pt/M13 nanomotors in the absence and presence of H2O2 fuel
is shown in Videos S1 and S2, respectively. Individual frames
from these videos are also provided in Fig. S8 with overlaid tra-
jectories. Using this approach, multiple motors could be sim-
ultaneously tracked and no drift was observed.

Typical tracked trajectories for Pt/M13 nanomotors in 0%,
0.2% and 3% H2O2 are depicted in Fig. 3(a)–(c). Trajectories
for the other fuel concentrations are presented in Fig. S9. The
trajectories display the increasing mobility of the nanomotors

Fig. 2 TEM images showing the morphologies of the (a) cysteine-
enriched M13, as well as the (b) Pt/M13 nanomotor. Scale bar: 500 nm.

Paper Nanoscale

24114 | Nanoscale, 2025, 17, 24110–24120 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
9 

Se
pt

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
10

:4
9:

26
 P

M
. 

View Article Online

https://doi.org/10.1039/d5nr02501j


with fuel concentration. A custom MATLAB code was employed
to calculate the mean squared displacement (MSD) using coor-
dinates extracted from recorded videos. Average MSD values
are plotted as a function of time interval for each H2O2 concen-
tration in Fig. 3(d). In addition, for completeness, individual
MSD curves for nanomotors and M13 phage control experi-
ments are provided in Fig. S10 and S11, respectively. An exam-
ination of individual MSD curves reveals a slightly larger MSD
range for nanomotors than for phage. As mobility is likely
reliant on Pt nanoparticle number and binding position, this
difference could be associated with complex structures, aggre-
gate formation, or degradation, among others. Further investi-
gation is necessary to better understand the origins.

The power law relationship of the anomalous diffusion
equation was used to estimate diffusion exponents and coeffi-
cients. Diffusion exponents of average nanomotor MSD curves
ranged from 0.88 without fuel to 1.18 with 3% H2O2. These
values are consistent with near linear, diffusive behavior.65,66

The estimated diffusion coefficients for Pt/M13 nanomotors,
as well as M13 without Pt nanoparticles attached are found in
Fig. 3(e) for a range of H2O2 fuel concentrations. The diffusion
coefficients of the Pt/M13 nanomotor and M13 in 0% H2O2

were 1.69 ± 0.15 μm2 s−1 and 1.63 ± 0.23 μm2 s−1, respectively.
These values are consistent with previous reports of M13 in
aqueous solution measured with a variety of methods.67–69

Without fuel, the addition of a Pt nanoparticle had little
impact on bacteriophage motion. Notably, the effective
diffusion coefficient of the nanomotors increased with H2O2

concentration, indicating fuel-dependent enhanced diffusion.
With the addition of 0.2% and 3% H2O2, effective diffusion
coefficients of 2.05 ± 0.21 μm2 s−1 and 4.01 ± 0.25 μm2 s−1

were extracted, respectively. These represent corresponding
diffusion enhancements of 21% and 240% compared to Pt/
M13 nanomotor motion in 0% H2O2. The lowest fuel concen-
tration, 0.2% H2O2, was selected for subsequent in vitro investi-
gations with tumorigenic cells.70,71

Fig. 3 Motion analysis of viral-templated nanomotor. Trajectories of nanomotors in H2O2 concentrations of (a) 0%, (b) 0.2%, and (c) 3%. For each
concentration, trajectories of 10 nanomotors were tracked over 120 frames and plotted together. Each trajectory is labeled with a distinct color and
has been translated to the same origin. A circle has been placed at the end of each trajectory to show the direction of motion. (d) Average MSD data
(circles) for Pt/M13 nanomotors depicted with fitted (lines) using the power law relationship of the anomalous diffusion equation. The scaling expo-
nents in 0%, 0.2%, 0.5%, 1%, 1.5%, and 3% H2O2 were 0.88, 0.93, 0.96, 0.99, 1.05, and 1.18, respectively. (e) The diffusion coefficients, extracted from
the fitted MSD curves, are shown for Pt/M13 nanomotors and M13.
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3.3. Quantification of nanomotor cell internalization

Cellular internalization of Pt/M13 nanomotors was studied
using SKOV3 ovarian cancer cells. Although H2O2 is present at
low concentrations within the human body (∼0.1 μM) and is
often overexpressed in tumor microenvironments
(∼50–100 μM), the extremely high concentrations of H2O2 used

for Pt/M13 nanomotor fuel are generally incompatible with
living cells.72,73 For this reason, as shown in Fig. S12 and S13,
the effect of H2O2 on SKOV3 cell viability was monitored using
a live/dead cell assay prior to studying nanomotor cellular
uptake. Optical and confocal fluorescence microscopy images
of the cancer cells cultured in 0.2% H2O2 for 3 h with and
without nanomotors are presented alongside images of cells

Fig. 4 (a) Confocal fluorescence images of nanomotors (red), lysosomes (green), and merged signals in 0% and 0.2% H2O2. Scale bar: 100 µm. (b)
Integrated fluorescence for internalized Pt/M13 nanomotors following incubation with 0% and 0.2% H2O2. (c) Schematic of Pt/M13 nanomotor H2O2

fuel-driven motion and enhanced SKOV3 cell uptake.
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prepared without H2O2, as a control. Live cells stained with
Calcein AM appear green and dead cells stained with
Ethidium homodimer-1 appear red. When incubated with
H2O2 alone, the cell density decreased considerably and the
few remaining cells displayed only 6.7% viability, thus demon-
strating the toxicity of 0.2% H2O2 to the cells. Interestingly,
when both nanomotors and H2O2 were introduced simul-
taneously, cell density was preserved and 97% viability was
achieved. Based on previous reports of both H2O2-driven nano-
motors and Pt nanoparticle antioxidant properties,74–77 we
speculate that Pt-induced catalytic degradation locally
decreased the H2O2 concentration, reducing H2O2-related oxi-
dative cell damage. Additional studies are necessary to eluci-
date the mechanism more fully.

The uptake of Pt/M13 nanomotors by SKOV3 cells was
investigated with CLSM in the presence and absence of 0.2%
H2O2 fuel for 3 h. Confocal fluorescence microscopy images of
cellular internalization are shown in Fig. 4(a). For visualiza-
tion, nanomotors were labeled with Dylight 550 (red), while
lysosomes were stained with Lysotracker (green). In the
absence of H2O2, only weak red fluorescence was observed,
suggesting limited nanomotor internalization. In contrast,
strong red emission was seen with added 0.2% H2O2, indicat-
ing significantly enhanced nanomotor uptake. Merged nano-
motor and lysosome fluorescence images corroborated the
intracellular observation plane and further verified
internalization.

Analysis of consecutive confocal fluorescence sections
using 1 μm scan intervals established the presence of nanomo-
tors throughout the cells. The integrated intensity of z-stack
fluorescence with and without fuel is plotted in Fig. 4(b).
Cellular nanomotor uptake was nearly doubled with the
addition of 0.2% H2O2. As illustrated in Fig. 4(c), Pt/M13 nano-
motors were propelled by H2O2, enhancing diffusion and, ulti-
mately, considerably increasing uptake by SKOV3 cells. Both
internalization and intracellular distribution contribute to
nanomotor effectiveness as a therapeutic, therefore the spatial
overlap between the nanomotor and lysosome fluorescence
was quantified using Pearson’s correlation coefficient (R).37,78

In this colocalization analysis, an R value of 1 represents com-
plete correlation, whereas a value of 0 signifies no correlation.
The calculation generated an R value of 0.74, indicating strong
colocalization of nanomotors and lysosomes after 3 h of H2O2

fuel exposure.79,80 Interestingly, this observation is consistent
with a previous report of untargeted or nonspecific M13 bac-
teriophage uptake.81 In these studies, virus internalization was
examined over a span of 24 h for a variety of endothelial and
epithelial cells (e.g. HeLa, MCF-7, HDMEC). The comparable
outcomes suggest that the addition of the Pt nanoparticle for
nanomotor formation does not preclude cellular uptake nor its
accumulation in lysosomes; however, additional studies are
needed to fully understand the endocytic pathway of the head/
tail structures along with the role of complex structures in cell
uptake. Others have demonstrated that the addition of specific
targeting peptides to the M13 viral capsid can substantially
alter its fate, causing it to be collected in certain organelles or

even the cytosol following internalization.12,82 Future experi-
ments will seek to better understand the effect of targeting
peptides in M13-based nanomotor cellular uptake and intra-
cellular distribution.

3.4. Photothermal performance of Pt/M13 nanomotor

A continuous wave 808 nm laser was used to study the photo-
thermal properties of Pt/M13 nanomotors. The optical absor-
bance spectrum of the nanomotors is shown in Fig. S14 at a
concentration of 2 × 107 nanomotor per μL. A thermal camera
was used to measure temperature changes under NIR illumi-
nation for a range of power densities. As depicted in Fig. 5(a),
under all irradiation conditions (1 W cm−2, 2 W cm−2, 3 W
cm−2), nanomotor solution temperatures increased within a
600 s exposure time. Perhaps not surprisingly, the largest
temperature rise was observed for the highest power density
investigated. Using 3 W cm−2 irradiation, nanomotors experi-
enced a temperature rise of approximately 25 °C, which can

Fig. 5 (a) The temperature of nanomotor solution plotted against
irradiation time with power densities ranging from 1 W cm−2 to 3 W
cm−2. The temperature increase of PBS under 3 W cm−2 irradiation was
also measured as a control. (b) Quantified cell viability of SKOV3 cells
treated with Pt/M13 nanomotors and 0.2% H2O2, without and with 3 W
cm−2 NIR irradiation. For comparison, the viability of untreated cells was
also measured. Inset: schematic of SKOV3 cells with internalized nano-
motors irradiated with 808 nm laser. The NIR light was absorbed and
converted to heat, triggering photothermal injury to cell.
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further be increased by increasing the power density to induce
irreversible cell damage.83,84 In contrast, under the same con-
ditions, the buffer temperature only increased by 3 °C. The cal-
culated photothermal conversion efficiency, η, of the Pt/M13
nanomotors was 32.6% (Fig. S15).

Based on this performance, the in vitro photothermal
effects of the Pt/M13 nanomotors on SKVO3 cells were evalu-
ated. After co-incubation with nanomotors and 0.2% H2O2 for
3 h, SKOV3 cells were subjected to 3 W cm−2 of NIR laser light
for 600 s. As shown in Fig. 5(b) and S16, a live/dead assay was
used to visualize and quantify the viability of the cells with
and without 808 nm irradiation. Without NIR treatment, the
overwhelming majority, or approximately 97%, of the cells
emitted green fluorescence, signaling that co-incubation had
minimal effect on the viability of the cells. With 808 nm laser
irradiation, a notable uptick in red emitting or dead cells was
observed and cell survival was lowered to 79%. As NIR light is
absorbed and converted to heat, the temperature of the nano-
motor and its proximity rise. The observed reduction in cell
viability, while less than anticipated, clearly demonstrated the
Pt/M13 nanomotor potential for photothermal therapy. Future
studies will aim to increase cellular uptake through the
addition of targeting peptides and/or the use of higher nano-
motor concentrations, as well as optimize laser irradiation
parameters.

4. Conclusion

In this work, we created a tadpole-shaped nanomotor using
the filamentous M13 bacteriophage, a highly effective viral
nanocarrier, as a template. Its head/tail geometry was formed
by simply adding a Pt nanoparticle to one tip. In the presence
of H2O2 fuel, this minor modification transformed the motion
of the virus from passive diffusion to active propulsion. CLSM
was used to record the trajectories of dye-tagged Pt/M13 nano-
motors in a range of H2O2 concentrations. MSD analysis corre-
lated higher fuel concentrations with greater mobility.
Compared to M13 phage, the tadpole-like nanomotors experi-
enced considerably enhanced diffusion. Their improved trans-
port significantly boosted internalization by SVOK3 ovarian
cancer cells in vitro, allowing evaluation of Pt/M13 nanomotor
photothermal effects on cell viability using NIR illumination.
By leveraging the characteristic asymmetry of the M13 phage
capsid, we have demonstrated the straightforward conversion
of the filamentous virus to a simple fuel-driven nanomotor.
While the reported device was powered by H2O2 concentrations
too high to be biologically relevant, the adaptability of the M13
coat proteins is already well established. In future incarna-
tions, the surface chemistry of the viral scaffold can be readily
engineered to bind nanozymes more favorable to propulsion
via less toxic fuels (e.g. urea, glucose) or externally applied
fields (e.g. electromagnetic, thermal). Likewise, affinity fusions
and large payloads can be incorporated within the capsid to
expand targeting and cargo delivery capacity, as already
demonstrated by M13 nanocarriers.7–15 The integration of the

M13 bacteriophage, a proven viral nanocarrier, with nanomo-
tor active diffusion reveals the potential for faster, non-invasive
delivery of M13-based therapeutics, diagnostics, and imaging
agents in the future, with a view to advancing precision
nanomedicine.
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