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Unveiling protein corona formation around
self-propelled enzyme nanomotors by nanoscopy†

Tania Patiño,*‡a,b Joaquin Llacer-Wintle,‡a Sílvia Pujals,a Lorenzo Albertazzi *a,b

and Samuel Sánchez *a,c

The interaction of nanoparticles with biological media is a topic of general interest for drug delivery

systems and among those for active nanoparticles, also called nanomotors. Herein, we report the use of

super resolution microscopy, in particular, stochastic optical reconstruction microscopy (STORM), to

characterize the formation of a protein corona around active enzyme-powered nanomotors. First, we

characterized the distribution and number of enzymes on nano-sized particles and characterized their

motion capabilities. Then, we incubated the nanomotors with fluorescently labelled serum proteins.

Interestingly, we observed a significant decrease of protein corona formation (20%) and different compo-

sition, which was studied by proteomic analysis. Moreover, motion was not hindered, as nanomotors dis-

played enhanced diffusion regardless of the protein corona. Elucidating how active particles interact with

biological media and maintain their self-propulsion after protein corona formation will pave the way for

the use of these systems in complex biological fluids in biomedicine.

Introduction

Inspired by nature, catalytic nanomotors that convert chemical
energy into motion have been developed in the past decade.1

Particularly, enzymes are highly efficient natural catalysts that
constitute a very promising strategy to build biocompatible
micro- and nanoswimmers that self-propel using bioavailable
fuels such as glucose,2–4 H2O2

5 or urea6–10 without the need
for external power sources. This has opened new possibilities
in the use of nanomotors for biomedical applications,11–13 and
several milestones have already been reached, including
enhanced anti-cancer drug delivery,14 improved cellular
uptake,15 sensing16 and medical imaging.17–19 However, not all
enzymes can generate active motion in a highly efficient
manner, and urease is one of the most powerful enzymes to
promote self-propulsion for micro- and nanoparticles.20

Urease-powered nanomotors have already been used to
enhance anti-cancer drug delivery,14 and promote more

efficient cellular uptake8 targeting and penetration of 3D
spheroids15 and improved penetration and retention in the
stomach.21 Additionally, urease-nanomotors are capable of
self-propulsion within biological fluids such as urine15,18 and
blood.8

Despite these exciting outcomes, some concerns have been
raised for their use in biological media and potential bio-
medical applications.22 To tackle this issue, the challenges
that all nanoparticle delivery systems face when they enter the
organism should be considered. Upon nanoparticle adminis-
tration, proteins, lipids and small metabolites present within
the biological fluids instantly adsorb onto the nanoparticle
surface, forming a protein corona that confers a new biological
identity to the nanoparticles,23,24 altering their targeting
capabilities,25,26 cellular uptake,27–30 circulation time and bio-
distribution.31 The protein corona composition and assembly
strongly depend on the intrinsic properties of nanoparticles,
including the size, shape and surface charges.32–34

Additionally, the characteristics of the surrounding environ-
ment can also modulate the protein corona formation, such as
the pH31 or shear stress and flow.35,36 Several techniques have
been used so far to analyze protein corona,37,38 with mass
spectrometry-based proteomics39,40 and gel electrophoresis41

being the most extended approaches. When using these tech-
niques, the protein corona analysis is performed in bulk.
Recently, super resolution microscopy, in particular, STORM,
has emerged as a powerful method to characterize the pro-
perties of nanomaterials,42 including the dynamics of protein
corona formation around nanoparticles at the single particle
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level.43,44 Furthermore, STORM is the only current approach
that allows visualization of the number and position of indi-
vidual proteins, allowing for precise spatial mapping. This is
particularly relevant in the case of enzyme powered micro- and
nanomotors, since their enzymatic distribution is intrinsically
heterogeneous, and a certain degree of heterogeneity in the
formation of the protein corona around them may also be
expected.45

Herein, we aimed at studying the formation of a protein
corona around active urease-powered nanomotors using
STORM with two main objectives: (i) to study how nanomotor
activity affects the formation of the protein corona and (ii) to
study how the protein corona formation affects the self-propul-
sion of nanomotors.

Results and discussion

Mesoporous silica nanoparticles were synthesized by using a
modified Stöber method, as previously reported,15 where
cetyltrimethylammonium bromide (CTAB) was employed to
generate the mesopores, and triethanolamine (TEOA) and flu-
orescein isothiocyanate conjugated to (3-aminopropyl)triethox-
ysilane (FITC-APTES) were used as precursors (6 : 1 volume).
The resulting particles were characterized using scanning elec-
tron microscopy (Fig. 1A), which showed monodisperse par-
ticles with a mean diameter of 434 ± 2 nm (mean ± SEM, N =
200). The inner cylindrical porous structure was verified using
transmission electron microscopy (TEM, Fig. 1B) where an
average pore size of 3 nm was determined. To functionalize
the particles with urease, their surface was first modified with

aminopropyltriethoxysilane (APTES) to provide them with
available –NH2 functional groups. Urease was subsequently
conjugated using glutaraldehyde (GA) as a linker (Fig. 1C).
Nanomotors self-propel thanks to the conversion of urea into
ammonia and carbon dioxide ((NH2)2CO + H2O → CO2 +
2NH3) by urease (Fig. 1D).45,46 To characterize the different
functionalization steps, the electrophoretic mobility of the par-
ticles was monitored. Dynamic light scattering (DLS) showed
that the initial unmodified particles have a surface z-potential
of −29.5 ± 0.34 mV (Smoluchowski), as expected from the pres-
ence of silanol groups (Fig. 1E). After their modification with
GA and urease, the z-potential of the particles was modified.
As expected from the isoelectric points of the surface
groups,47,48 amine modified silica yielded positive surface
z-potentials and enzyme conjugation recovered the negative
surface z-potential, confirming the presence of urease on the
surface. Urease activity was determined by using a commercial
enzyme activity assay kit (Fig. 1F).

To generate self-propulsion, an asymmetric distribution of
the catalyst is always necessary in order to avoid a net compen-
sation of forces. Recent works have reported that stochastic
binding of enzymes onto micron-sized particles results in a
non-homogeneous, patch-like distribution leading to the self-
propulsion of biocatalytic micromotors without the need for
physical asymmetries as the case of Janus particles.45,49 While
this parameter has been thoroughly studied for micron-sized
particles, which display a ballistic type of motion, little is
known about nano-sized motors, which display a different type
of motion known as enhanced diffusion.7 For this type of
motion dynamics, several asymmetric2,3 and non-asymmetric
structures have been reported.14,50,51

However, a robust and systematic analysis of the enzyme
distribution onto nano-sized motors is missing. This is par-
ticularly relevant since two factors have already been demon-
strated to be crucial for the self-propulsion of urease micromo-
tors: an asymmetric distribution and the number of enzymes
on the motor surface.45 Here, we used STORM to detect urease
molecules bound to the nanomotor surface. For this, urease
was previously labelled with a Cy5 fluorophore and a cali-
bration to estimate the number of localisations recorded per
single labelled urease was performed (Fig. S1†).45 Nanomotors
functionalized with 25% labelled urease were placed onto a
glass slide and allowed to precipitate until immobilized.
Unbound nanomotors were washed out by replacing the
remaining dispersion in PBS solution with the STORM buffer.
Fig. 2A (right) shows the result of merging both conventional
fluorescence and STORM images. Fig. 2B, C and S2† show
representative examples of urease localizations and enzyme
density, respectively. Generally, a non-uniform urease coating
of nanomotors was observed (Fig. 2B and C), similar to what
has been previously observed for micron-sized urease
motors.45

Using STORM, we were able to determine the amount of
urease molecules bound to the nanomotor surface by using a
custom-made Python-based code, analyzing a minimum
amount of 40 nanoparticles per case. First, the particle size

Fig. 1 Fabrication and characterization of urease-powered nanomo-
tors. (A) SEM micrograph of mesoporous silica nanoparticles. Scale bar =
500 nm. (B) Representative TEM micrograph of a mesoporous silica
nanoparticle. Scale bar = 100 nm. (C) Schematic representation of the
functionalization approach. (D) Schematic representation of the self-
propulsion upon enzyme catalysis. (E) z-Potential characterization of the
particles along the functionalization process. (F) Enzyme activity of the
particles before and after their functionalization with urease.
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was determined by using the information provided by the
fluorescence images, with the mean nanoparticle radius being
254 ± 10 nm (mean ± SEM, N = 50), and these results were con-
sistent with both TEM/SEM analysis results. STORM images
enabled the quantification of urease molecules bound to
the nanoparticle surface, with a mean of 584 ± 91 (mean ±
SEM, N = 40).

Motion dynamics was studied by recording the nanomotors
either with or without urea, at 100 mM in phosphate buffered
saline (PBS 1×) solution, which is the optimal concentration of
urea at which nanomotors move.14,50,52 Bright field videos
were recorded for 30 s at a 25 FPS rate. Nanomotor trajectories
were tracked using a custom-made Python-based code. Fig. 3A
and B show the trajectories of the nanomotors with and
without urea, respectively. From the trajectories, we extracted
the Mean Squared Displacement (MSD), presented in Fig. 3C.
For nanomotors both with and without fuel, a linear MSD was
observed, which denotes a diffusive type of motion dynamics.
However, in the case of the nanomotors with 100 mM urea,
the slope of the MSD was significantly higher, indicating
enhanced diffusion (Fig. 3C).7,53,54

Fig. 3D shows that the distribution of the obtained
diffusion coefficients is significantly higher (P = 0.0035) in the
case of 100 mM urea.

Addressing the performance of biomedical micro- and
nanomotors in complex biological fluids is a critical aspect,
since certain physiological conditions may hamper their moti-
lity. In this study, we monitored the motility of particles using
PBS, which contains different salts and ionic species at a
physiologically relevant concentration. The presence of ionic
species has been recently demonstrated to impede the motion
of micron-sized motors powered by urease.55 However, in the
case of nano-sized motors, their motion persists in different
types of media, including PBS,14,56 urine18,50 and blood,8 prob-

ably due to their different types of motion mechanisms.
Nonetheless, biological fluids contain not only salts and ionic
species but also other components such as proteins that might
interact with the nanomotor surface. Here, to investigate the
effect of the activity of nanomotors on the formation of
protein corona in a quantitative manner, we incubated urease-
nanomotors with Cy5-labelled serum proteins, either in the
presence or absence of 100 mM urea (Fig. 4A). For this, urease
nanomotors were incubated for 30 min in a solution contain-
ing non-labelled Fetal Bovine Serum (FBS), 5% Cy5 labelled
FBS and 0 or 100 mM urea for the control and active samples,
respectively (Fig. 4A). As in the previous experiments, green
fluorescence was used to localize the nanomotor boundary
and the images were superimposed with the STORM images
(Fig. 4B and C), where labelled serum proteins were quanti-
fied. Fig. 4D shows a histogram depicting the distribution of
FBS detection per nanomotor. In the presence of 100 mM
urea, the peak of the histogram is significantly shifted to the
left, indicating a lower average FBS detection per nanomotor,
compared to the nanomotors without fuel. Fig. 4E shows a
comparison of the average detected FBS points per nanomotor.
Surprisingly, around 20% reduction on the FBS localizations
was found between the control (615 ± 24 localizations, mean ±
SEM) and active nanomotors (486 ± 21 localizations, mean ± s.
e.m.). These results indicate a significant reduction (P = 0.002)
of protein corona formation around the nanomotors when
they are active. This effect could be explained by three factors.
First, the urease activity of micromotors has already been
reported to modify the local surrounding environment,
leading to a pH increase.16,57 The formation and stability of
the protein corona showed sensitivity to different pH

Fig. 2 STORM characterization of urease molecules around the nano-
motors. (A) STORM recorded localisations of Cy5-labelled enzymes are
superimposed on the FITC fluorescence image for better visualization.
The colour of a localisation represents the frame in which it was
recorded. Scale bars are 300 nm. (B) Representative STORM images
showing urease localizations in a nanomotor. (C) Corresponding images
showing the localization density, where the distribution of urease can be
visualized. (D) Histogram of the number of urease localisations per ana-
lysed nanomotor. The results are shown as the mean ± SD (n = 41).

Fig. 3 Motion dynamics of urease nanomotors. (A) Trajectories of
nanomotors in the absence of fuel. (B) Trajectories of nanomotors in the
presence of 100 mM urea. (C) Comparison between the MSD in the
presence or absence of fuel. The results are shown as the mean ± SEM
(n = 20). (D) Diffusion coefficient of the nanomotors calculated from the
MSD. The results are shown as the mean ± SEM (n = 20).
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levels58–60 and particle surface charges.61 The changes in the
pH induced by the urease activity could thus result in an
alteration of the physicochemical properties of the particle
surface and the serum proteins, ultimately affecting the inter-
actions between both. Second, the chemical activity of the
nanomotors often leads to the creation of a shear flow around
them.54 This is also a very interesting feature, since the protein
corona has shown to be dependent not only on the physico-
chemical properties of the particles but also on the presence
of shear stress and shear flow.35,36,62 Third, ionic products
released from urease reaction generate ionic species around
the particles,46 which may affect the electrostatic interaction
between the proteins and particle surface, leading to an altera-
tion of the protein corona. Future research is warranted in
order to find the exact mechanisms underlying the changes in
the protein corona around active nanomotors.

Since the self-propulsion of nanomotors is generated by the
decomposition of urea catalyzed by urease, the presence of a
protein corona on the particle surface could hamper the sub-
strate and product exchange, limiting the motion perform-
ance. For this reason, we analyzed the motion of the nanomo-
tors after the formation of the protein corona. We incubated
the nanomotors with FBS as described previously, following
the same procedure as that for the STORM imaging experi-

ments. Then, the motors were resuspended in PBS 1× and
their motion was analysed as described above. The results
showed a significant increase (P = 0.047) in the diffusion
coefficient of the nanomotors with 100 mM urea, constituting
an increase of 18% with respect to the control (0 mM urea).
This increase was slightly lower than the one observed for the
nanomotors swimming in PBS, without being previously incu-
bated with FBS, where a 44% increase in the diffusion coeffi-
cient was found. These results indicate that urease powered
nanomotors can swim regardless of the diminished protein
corona formation around their surface. However, their per-
formance is slightly limited compared to that of the bare nano-
motors, indicating that future strategies to further reduce
protein corona might be desired.

Next, we investigated whether the activity of the nanomo-
tors resulted in a change in protein corona composition. For
this, after incubating the nanomotors with FBS for 30 min
with or without fuel, we performed a proteomic analysis by
digesting adsorbed proteins using a trypsin treatment, fol-
lowed by protein identification using HPLC-mass spectrometry
analysis. We identified a total number of 321 proteins, from
which 236 protein groups were quantified. A differential
expression analysis between 100 mM urea and no urea con-
ditions was performed. Fig. 5A shows a Venn diagram of the

Fig. 4 Protein corona formation around active nanomotors. (A) Schematic representation of the experimental approach, where fluorescent nano-
particles (FITC-MSNP) were functionalized with non-labelled urease and incubated with Cy5-labelled serum proteins either in the presence or
absence of fuel. (B) Representative STORM images of nanomotors after their incubation with labelled FBS in the absence of fuel, showing FBS local-
izations (top) and FBS density (bottom). (C) Representative STORM images of nanomotors after their incubation with labelled FBS in the presence of
fuel, showing FBS localizations (top) and FBS density (bottom). (D) Histogram of the FBS detection per nanomotor distribution. (E) Comparison of
the average detected FBS proteins in nanomotors with and without urea. (F) Comparison of the diffusion coefficients of the nanomotors under
different conditions. The results are shown as the mean ± SEM.
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proteins found for each condition and in common for both
conditions. When we selected the 20 most abundant proteins
for each condition (Fig. 5B), the changes in abundance were
non-significant, although the tendency was to find a lower
abundance for most proteins in the case of the urea con-
ditions. Interestingly, for the non-urea conditions, the heat
shock cognate 71 kDa protein and heat shock 70 kDa protein
1-like were among the most abundant, which was not the case
for the urea conditions. Other examples are apolipoprotein
C-II and ALB protein, which were among the 20 most abun-
dant proteins under the urea conditions but not under the
non-urea conditions.

Moreover, several significant proteins were identified using
standard cutoffs for fold changes (|FC| > 1.5) and adjusted
p-value (padj < 0.05) when comparing the urea and non-urea
conditions (Fig. S3†). In this regard, 13 proteins were shown to
be up-regulated and 21 were down-regulated (Fig. 5C).

Conclusions

This study reports for the first time the relationship behind
enzyme-driven motion and protein corona, highlighting the
relevance of extending these studies to the micro- and nano-
motor community, since the effects on their propulsion capa-
bilities might depend on the particle properties and their
interaction with biological media. In this regard, protein
corona plays a crucial role in the translation of micro-/nano-
motors to biomedical applications, as it is key to determining
their biodistribution. Here, we report that the protein corona
is significantly reduced when the nanomotors are active,
which might be desirable for certain biomedical applications,
as it is an example of targeted therapeutics, where the protein
corona may hamper the targeting properties of functionalized
nanoparticles. Indeed, the biomedical performance of nano-

motors depends not only on their mobility but also on the
nanomotor–cell interactions (e.g. targeting). The protein
corona impacts them both. Therefore, the following may be
important key points: (i) preserving the outer surface of the
nanomotors is key to maintaining their activity and motion for
future biomedical applications and (ii) understanding nano-
motor–protein corona interactions is very important to ration-
ally design nanomotors for given applications such as cell tar-
geting. In this regard, proteomic analysis revealed not only
changes in the amount of proteins but also on the type of pro-
teins that attached to the nanomotor surface. This may have
significant impact on future biomedical applications such as
targeted delivery of drugs, since having different proteins
attached to the surface of nanomotors may influence their bio-
distribution and cellular uptake. Noteworthily, the changes in
the protein corona upon nanomotor activity are not only quali-
tative but also quantitative, where the impact on different bio-
logical interactions such as cell–nanoparticle interactions will
need to be considered in the near future.

Experimental section
Materials

Ethanol (EtOH, 99%), hydrochloric acid (37% in water), tetra-
ethylorthosilicate (TEOS, 99%), triethanolamine (TEOA, 99%),
cetyltrimethylammonium bromide (CTAB, 99%), methanol
(MeOH, 99%), ammonium hydroxide (25% in water), 3-amino-
propyltriethoxysilane (APTES, 99%), glutaraldehyde (GA, 25%
in water), urease from Canavalia ensiformis (type IX, powder,
50 000–100 000 units per g solid), urease activity assay kit, flu-
orescein 5(6)-isothiocyanate (FITC) and urea (99.9%) were pur-
chased from Sigma-Aldrich. Cyanine5-NHS ester was pur-
chased from Lumiprobe and Fetal Bovine Serum (FBS) was
purchased from Invitrogen.

Fig. 5 Proteomic analysis of protein corona composition around nanomotors when incubated for 30 min with FBS. (A) Venn diagram representing
the number of proteins only present in the nanomotors exposed to urea and no urea and the number of proteins present under both conditions. (B)
A dot plot displaying the most abundant proteins, according to their intensity. In each case, the results are shown as the mean log2(Intensity) of
three independent biological replicates. nU: no urea; U: 100 mM urea. (C) Fold-change of the most significant proteins for the 100 mM urea con-
ditions (light orange) with respect to the no urea (light blue) conditions. The results are shown as the mean ± SD.
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Instruments

Transmission Electron Microscopy (TEM) images were cap-
tured under a JEOL JEM-2100 microscope. Scanning Electron
Microscopy (SEM) was performed using a FEI NOVA NanoSEM
230 at 10 kV. The hydrodynamic radii and electrophoretic
mobility of the particles were analysed using a Wyatt Möbius
instrument coupled with an Atlas cell pressurization system.
Optical videos were recorded using an inverted optical micro-
scope (Leica DMi8) equipped with a 63× water-immersion
objective. Protein quantification and enzymatic activity were
measured using an Infinite M200 PRO multimode microplate
reader. The STORM analysis was performed using a Nikon
N-Storm system with a total internal reflection fluorescence
(TIRF) configuration. The differential quantitative proteomic
experiment was performed on a Dionex Ultimate 300 nanoli-
quid cromatograph coupled to an Orbitrap Fusion Lumos
mass spectrometer (Thermo Scientific).

Fabrication of mesoporous silica nanoparticles

Type MCM-41 silica mesoporous nanoparticles were fabricated
following the Stöber method.11 Briefly, a solution composed of
570 mg of CTAB, 20 mL of MilliQ water and 35 g of TEOA was
prepared. The mixture was homogenized for 30 min at 95 °C,
in a silicon oil bath, to allow the formation of a micellar tem-
plate. Subsequently, 1.5 mL of TEOS were added dropwise,
acting as the precursor for silica growth. The resulting mixture
was stirred for 2 h at 95 °C. The formed particles were col-
lected by centrifugation (10 minutes at 1350g), followed by
three washes in ethanol, using the same centrifugation con-
ditions. The CTAB was removed from the particles’ pores by
suspending them in a MeOH : HCl mixture (10 : 0.6, 30 mL)
and refluxing the solution at 80 °C for 24 h. Finally, the par-
ticles were washed thrice with ethanol (1350g, 10 minutes),
sonicating 5 minutes between each centrifugation step to
avoid aggregation of the particles. Fluorescent particles were
obtained by mixing TEOS and FITC conjugated to (3-amino-
propyl) triethoxysilane (FITC-APTES) as precursors (6 : 1 v). In
order to prepare the FITC-APTES conjugate, 250 μL of APTES
were mixed for 30 minutes with a solution of 2 mg of FITC in
5 mL of ethanol.12

The obtained mesoporous silica nanoparticles (MSNPs)
were characterized using scanning and transmission electron
microscopy (SEM and TEM), as well as dynamic light scatter-
ing (DLS) for hydrodynamic radius and zeta-potential
measurements.

Amine functionalization of MSNPs

MSNPs were suspended in EtOH at a concentration of 2 mg
ml−1. Then, APTES was added (10 µL mg−1 of particles). The
suspension was placed on an end-to-end rotary mixer and kept
for 24 h at room temperature. The resulting amine-modified
particles (MSNP-NH2) were washed thrice with ethanol and
thrice with water (1350g, 10 minutes). Some aliquots of 0.5 mL
were centrifuged and air-dried to determine the amount of
particles.

Urease functionalization

MSNP-NH2 of 0.25 mg mL−1 MSNP-amine particles were cen-
trifuged and suspended in 900 L of PBS. Then, 100 µL of glu-
taraldehyde were added to the solution, which was kept for 3 h
in the rotary mixer at room temperature. Next, the GA functio-
nalized particles were washed thrice in PBS by centrifugation
(1350g, 10 minutes) and suspended in a solution of 3 mg mL−1

urease in ×1 PBS for three hours at room temperature, under
end-to-end mixing. After this, the particles were washed thrice
(1350g, 10 minutes) with ×1 PBS. The redispersion of the pellet
was ensured by performing thorough vortexing and sonication
between the centrifugation steps.

Urease activity assay

Urease activity was studied by measuring ammonia generation
using a commercial kit based on the Berthelot method,63

according to the manufacturer’s instructions. For this, nano-
motors in a 0.5 mg mL−1 solution were incubated with
100 mM urea. A control experiment was performed incubating
nanomotors without urea.

Motion analysis

A sample of 5 μL of urease-MSNPs at 0.025 mg mL−1 concen-
tration was mixed with 5 μL of either PBS or 100 mM urea in
PBS and placed in a custom-made flow chamber in order to
minimize drift.

Videos of nanomotors were recorded for 30 s at 50 fps
using an inverted optical microscope, in bright field. At least
20 nanomotors were analyzed for each condition. Particle tra-
jectories were extracted from the recorded videos using a
custom-made Python script.

Urease and FBS labeling with Cy5

Urease was dispersed in 0.1 M sodium bicarbonate buffer (pH
= 8.5) at 10 mg mL−1 followed by the addition of 1.5 equiv. of
cyanine5 NHS ester (Lumiprobe). The reaction mixture was
shaken at 300 rpm for 4 h at room temperature. Labelled pro-
teins were then dialyzed with a 14 kDa pore size against
sodium bicarbonate 3 times for 2 h while mixing at 200 rpm.
The concentration of dye per protein was then quantified
using a Nanodrop ND-1000 spectrophotometer.

Protein corona formation

Urease nanomotors (0.25 mg mL−1) were incubated for 30 min
at 37 °C in a solution containing non-labelled Fetal Bovine
Serum (FBS), 5% Cy5 labelled FBS and 0 or 100 mM urea for
the control and active samples, respectively. After incubation,
unbound FBS was removed by applying 7 washing steps based
on centrifugation (1350g, 10 minutes).

STORM sample preparation and observation

Nanomotors were incubated in custom-made flow chambers
for 15 min at room temperature in order to favour sedimen-
tation. Then, GLOX or OxEA imaging buffers were carefully
pipetted through the flow chamber so as to establish the
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appropriate chemical environment for the dyes to blink. The
GLOX buffer was composed of PBS at pH 7.4, an oxygen-
scavenging system (0.5 mg mL−1 glucose oxidase and 35 μg
mL−1 catalase), glucose (5% w/v), and cysteamine (100 mM).
The OxEA buffer was composed of PBS at pH 8.4, oxyrase (3%
v/v) and cysteamine (100 mM). The samples were imaged
under a Nikon N-Storm system with a total internal reflection
fluorescence (TIRF) configuration. STORM acquisition was set
to 20 000 frames at 100 fps. Cyanine5 (Cy5) and Alexa Fluor
488 (AF488) were correspondingly excited using 647 nm
(160 mW) and 488 nm (80 mW) lasers. No UV light activation
was employed.

STORM data post-processing

The obtained data from STORM acquisitions were filtered and
analysed using custom-made Python and Matlab scripts. On
the one hand, cluster centroids of the acquired localizations
were automatically detected and superimposed on the FITC or
brightfield low resolution images. This way, localization clus-
ters coming from free protein aggregates could be discarded.
On the other hand, the cluster shape and size were evaluated,
and the number of localizations comprising them was
retrieved.

Proteomic analysis

Nanomotors exposed to FBS as described above, either in the
presence or absence of urea, were collected by centrifugation
and washed thrice in 1 mL of 50 mM ammonium bicarbonate
buffer (pH 8). Finally, 100 μL of ammonium bicarbonate was
added to the pellet, and this suspension was subjected to
trypsin digestion. For this, protein digestion was performed
directly on the nanomotors by incubating them with 2 µg of
trypsin dissolved in 300 µL of 50 mM ammonium bicarbonate
buffer at 37 °C overnight (200 µL were added to the delivered
volume). Then, an additional 1 µg of trypsin was added and
incubated for 2 h at 37 °C. The nanomotors were pelleted by
centrifugation at 2000g for 5 minutes and the supernatant was
transferred to a fresh Eppendorf tube. The particles were
washed once with 100 µL of 50 mM ammonium bicarbonate
buffer and these washed particles were pooled with the first
supernatant. Then, formic acid was added to the eluates to a
final concentration of 1%. The samples were cleaned using
C18 tips (PolyLC C18 tips) and the digested peptides were
eluted with 80% acetonitrile and 1% TFA. Then, the samples
were diluted with 20% acetonitrile and 0.25% TFA, loaded into
strong cation exchange columns (SCX) and peptides were
eluted in 5% NH4OH and 30% methanol. Finally the samples
were evaporated to dry, reconstituted in 50 µL and diluted 1 : 8
with 3% acetonitrile and 1% formic acid aqueous solution for
nanoliquid chromatography mass-spectrometry (nanoLC-MS/
MS) analysis. First, the samples were loaded to a 300 µm ×
5 mm PepMap100, 5 µm, 100 Å, C18 μ-precolumn (Thermo
Scientific) at a flow rate of 15 μl min−1 using a Thermo
Scientific Dionex Ultimate 3000 chromatographic system
(Thermo Scientific). To separate the peptides, an Acclaim
PEPMAP 100 C18 analytical column measuring 75 μm × 50 cm

NanoViper (C18 3 μm, 100 Å, Thermo Scientific) with a 90 min
run was used, comprising three consecutive steps with linear
gradients from 3 to 35% B in 60 min, from 35 to 50% B in
5 min, and from 50% to 85% B in 2 min, followed by isocratic
elution at 85% B in 5 min and stabilization to initial con-
ditions (A = 0.1% FA in water and B = 0.1% FA in CH3CN). The
column outlet was directly connected to an Advion TriVersa
NanoMate (Advion) fitted on an Orbitrap Fusion Lumos™
Tribrid (Thermo Scientific).

A twin database search with two separate software, Thermo
Proteome Discoverer v2.3.0.480 (PD) and MaxQuant v1.6.2.6a
(MQ) was performed. The search engine nodes used were
Sequest HT for PD and Andromeda for MQ. The databases
used in the search was SwissProt Human (release 2019 01)
including contaminants and the user proteins. A differential
expression analysis between the 100 mM urea and no urea con-
ditions was performed by applying a principal component ana-
lysis, and using standard cutoffs for fold changes (|FC| > 1.5)
and adjusted p-values (padj < 0.05).
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