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sues. Exploring the benefit of motors over 
their passively diffusing counterparts in 
cell culture or in animal models attracted 
substantial attention in the past years.[5,6] 
Early examples focused on externally-
driven motors that made use of physical 
stimuli to propel in low-density media. 
Recent examples include the use of near-
infrared (NIR) light-activated motors to 
penetrate a 3D cell tumor culture, which 
selectively induced cell apoptosis upon 
NIR irradiation or resulted in depleted 
amyloid aggregation.[7] Similarly, magneti-
cally driven motors made of CaCO3 and 
Fe3O4 showed an increased cellular uptake 
since their mobility allowed for more effi-
cient approaching of the target area.[8] The 

decomposition of the core particle in the acidic environment of 
the lysosomes assisted cargo release. In a different approach, 
Shen et  al. employed Zn-doped iron oxide rods that swarmed 
and eventually spun under a rotating magnetic field, inducing 
cell death.[9] This effect was also assessed in vivo, where the 
size of tumors generated in mice decreased 4× upon magnetic 
therapy. Further, ultrasound-powered motors used for antigen 
delivery showed a 5–7-fold increase in cell penetration com-
pared to passive particles.[10]

Alternatively, motors that harvest energy from their local 
environment are a powerful option to design truly autono-
mous motors. There are examples of motors that showed loco-
motion in simple 2D cell models as well as more complex 3D 
cultures and even in animal models. Mesoporous silica parti-
cles[11] or liposomes[12,13] were chosen to assess cellular uptake 
in 2D cultures, showing promising results. For instance, 
Llopis-Lorente et  al. engineered a mesoporous silica motor 
that moved due to the conversion of urea into ammonia and 
CO2.[14] After entrapment in the lysosomes, a 4× lower motor 
concentration was needed to release the same amount of cargo 
as their passive particle counterparts, an aspect that was attri
buted to the enhanced diffusion of the motors. Further, Wilson 
and co-workers designed a drug-loaded liposome-based motor 
that gained locomotion in the acidic pH generated in the sur-
roundings of HeLa cells.[15] These motors showed a chemotactic 
behavior towards acidic environments where they reached 
speeds up to ≈9 µm s−1 at pH 4.6.

Other motors were able to penetrate 3D cell environments 
or tissues. For example, we showed that collagenase-propelled 
motors posed velocities up to 22 µm s−1 in collagen fiber net-
works, being eventually able to enhance penetration into bone 
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1. Introduction

Nano- and micromotors are small objects that are able to con-
vert different types of energy into kinetic energy and mechan-
ical power to exhibit (self-propelled) locomotion. Different 
concepts of autonomous motion and their potential applications 
were recently outlined in detail in several reviews.[1–4] Applica-
tion of these motors in biomedicine requires non-cytotoxic 
building blocks as well as bio-friendly fuels and combustion 
products, or physical stimuli that are harmless for cells and tis-
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cell spheroids compared to the passive controls.[16] Similarly, 
Hortelão and co-workers showed that urea-powered motors 
were able to enter bladder cancer spheroids and impair the 
cell viability.[17] Alternatively, motors that employ manganese 
oxide indicated increased uptake by cells in both 2D and 3D 
cultures.[18] These motors moved up to ≈6  µm s−1 in 50  mm 
H2O2, and facilitated the production of hydroxyl radicals by 
consuming overexpressed glutathione and thus, contributed to 
intracellular chemodynamic therapy. From a different perspec-
tive, efficient lysosomal escape strategies remain a challenge in 
nanomedicine. Current efforts included the use of polycation 
transfection,[19] virus-mimicking particles,[20] cell-penetrating 
peptides,[21] and pH-responsive moieties.[22,23] Motors have also 
been considered in this context, for example, Gisbert-Garzarán 
et  al. have employed silica particles conjugated to a polymer 
through a redox-responsive linker that showed indications of 
lysosomal escape abilities.[24]

Motors were also explored in animal models. Xu et al. used 
magnesium oxide motors to scavenge hydroxyl radicals and 
produce hydrogen, which would alleviate arthritis inflamma-
tion.[25] These motors showed long linear trajectories in buffer 
that became circular in simulated synovial fluid with compa-
rable velocities up to 40–45 µm s−1 in both environments. When 
injected into diseased rats, the motors’ performance could alle-
viate the inflammation and cartilage erosion with negligible 
hemolysis. Another elegant strategy utilized bottle-like inor-
ganic motors to neutralize gastric acid and treat Helicobacter 
pylori infections.[5] The motors moved at an average speed of 
40 µm s−1 in simulated gastric acid (pH = 1.3) and when 15 mg 
of the motors were internalized in gastric acid tissue, they 
could equilibrate the pH within 10 min without being consid-
ered toxic. Mice affected by Helicobacter pylori had a threefold 
decrease in the bacteria colonies after 5 days of treatment.

Herein, we explore the locomotion of motors with conju-
gated polymer chains via a pH-responsive linker and their 
interaction with RAW 264.7 macrophages focusing on uptake 
efficacy and intracellular location. Specifically, we i) compared 
the stability of two acid-labile linkers followed by their conju-
gation to poly(hydroxyethyl methacrylate) (PHEMA), poly(2-
carboxyethyl acrylate) (PCEA), and poly(ethylene glycol) methyl 
ether methacrylate (PEGMA), ii) assessed the modification of 
planar and colloidal surfaces with these polymers, and moni-
tored the pH-triggered detachment of the polymer chains, iii) 
evaluated the locomotion properties of these polymer-coated 
motors, and iv) incubated the lead motor in RAW 264.7 mac-
rophages to compare uptake efficacy and intracellular location 
to irresponsive particles (Scheme 1).

2. Results and Discussion

2.1. Design of Acid-Labile Linkers

Acid-labile linkers are an interesting means to make polymers 
responsive to pH changes in their environment and have been 
widely explored in drug delivery as discussed in detail in sev-
eral recent reviews.[26–28] We chose to use an imine bond as the 
acid labile group. Imine is a dynamic covalent bond that can be 
easily prepared from the condensation reaction of an amine and 

a carbonyl (e.g., aldehyde), which is an equilibrium process that 
can be driven to the starting materials at low pH (Figure 1a).  
This dynamic process has been used extensively to prepare acid-
responsive biomaterials.[29–32] The sensitivity of imine to acidic 
pH can be tuned by carefully choosing the types of amine and 
aldehyde. We synthesized two acid-labile linkers L1 and L2, and 
a control linker L0 that had no imine group (Figure  1b). On a 
molecular level, L2 possessed an extra phenyl ring compared to 

Scheme 1.  a) Cartoons depicting the three types of motors coated 
with PHEMA (P1), PCEA (P2), and PEGMA (P3) via a pH-labile linker. 
b) Cleavage of the pH-responsive linker upon decreasing the pH of the 
medium, which results in the locomotion of the motor. c) Biological evalu-
ation of the motors and their intracellular fate in RAW 264.7 macrophages.
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L1, which was anticipated to improve the stability against acidic 
decomposition. Previously, it has been reported that imines 
could be stabilized through π-π conjugation between aromatic 
substituents and CN bonds.[33]

We first compared the stability of L1 and L2 by moni-
toring the time-dependent absorption of both linkers at pH 
between 2 and 7.4. The peak at λab  = 373  nm, corresponding 
to the π-π* transition of the CN group, decreased over time 
even at neutral pH for L1, reaching the baseline value after 
30  min. L1 disintegrated within minutes when exposed to 
pH 4 and below (Figure  1c). L2, on the other hand, showed 
the expected improved stability at neutral pH as the absorb-
ance only decreased by 0.1 units in 1 h (Figure 1d). The most 
dominant change in hydrolysis speed took place between pH 
5 to 4. Almost complete hydrolysis of L2 was observed at pH 4 
within 50 min. L2 was chosen as the acid-labile linker for fur-
ther studies since it showed improved stability at neutral pH 
compared to L1, and it had efficient hydrolysis in a pH range 
relevant for lysosomal escape.

2.2. Polymer Synthesis

Next, atom transfer radical polymerization (ATRP) was con-
ducted using L0 or L2 as the initiator and either 2-hydroxyethyl  
methacrylate (HEMA), 2-carboxyethyl acrylate (CEA), or 
poly(ethylene glycol) methyl ether methacrylate (PEGMA, average 
Mn = 500 Da) as the monomer. HEMA was chosen as the mon-
omer since PHEMA is a well-explored biocompatible polymer that 

has found extensive biomedical applications.[34,35] CEA results in 
a pH-sensitive polyanion with low cytotoxicity,[36] which we previ-
ously used as the hydrophilic block in block copolymers to pre-
pare micelles or hybrid vesicles.[37,38] PEGMA is a water-soluble, 
biocompatible polymer that has found enormous applications in 
bioconjugation,[39] drug delivery,[27] and bioengineering.[40]

The polymerization was done with a typical ATRP proce-
dure in DMSO resulting in P1, P2, and P3 when using HEMA, 
CEA, and PEGMA, respectively, as the monomer. Each polymer 
was synthesized using either L0 or L2 as the initiator (e.g., 
P1 (when using L0) or L-P1 where L indicates the use of the  
pH-responsive linker L2). Each polymer was synthesized with 
two different reaction times resulting in low molecular weight 
polymers (e.g., P1S) or high molecular weight polymers (e.g., 
P1L) to investigate the influence of the polymer chain molecular 
weight on the locomotion properties.

The successful polymerization using HEMA was confirmed 
by 1H-NMR (Figure 2). The broad peaks of the methyl group 
(peak b) and the methylene group (peak a) on the backbone were 
seen around 1 and 2 ppm, respectively, while the two broad peaks 
around 3.8 ppm (peak d) and 4.1 ppm (peak c) were attributed to 
the side chains. The aromatic proton signals of L2 could also be 
observed in the down field (6–9 ppm). The reaction time showed 
a clear influence on the molecular weight of P1. P1S and P1L with 
20–25 (≈3  kDa, 1  h polymerization) and 60–67 (≈8.5  kDa, 24  h 
polymerization) repeating units, respectively, were obtained.

The successful polymer synthesis using CEA with L0 or L2 as 
the initiator was confirmed by 1H-NMR as indicated by the pres-
ence of the polymer backbone protons (peaks e and f), the side 
chain protons (peaks g and h), as well as the aromatic protons 

Figure 1.  Acid-labile linkers. a) The dynamic equilibrium of the forma-
tion and disassociation of imine at high and low pH. b) Chemical struc-
tures of linker L0, L1, and L2. c,d) The time-dependent (1 h, time interval  
Δt = 5 min) absorbance of the π-π* transition of the CN group in L1 and 
L2 at different pH (n = 1).

Figure 2.  1H-NMR spectra (400 MHz) of P1 (CD3OD), P2 (CD3OD), and 
P3 (CDCl3) synthesized via ATRP using L2 as the initiator with 1 h reac-
tion time. The insets show a close-up of the aromatic region, in which the 
signals were attributed to the benzene rings on L2.
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in the downfield (6–9 ppm). P2 or L-P2 (where L indicates the 
use of the pH-responsive linker L2) with 24–32 repeating units 
(≈4 kDa) were obtained for a 1 h reaction time, or with 48–60 
repeating units (≈8 kDa) while 24 h reaction time was allowed.

Finally, we prepared the polymer PEGMA using L0 or L2 as 
the initiator and poly(ethylene glycol) methyl ether methacrylate 
(average Mn = 500 Da, which corresponds to 9 repeating units) 
as the monomer. The existence of the protons on the PEG side 
chain (peaks k, l, and m) and on the backbone (peaks i and j) in 
the 1H-NMR spectrum indicated the successful polymerization. 
1 h reaction time typically gave 16–20 repeating units (≈2.3 kDa) 
for P3S or L-P3S while 5 h reaction time gave 36–45 repeating 
units (≈5.5 kDa) for P3L or L-P3L.

2.3. Polymer Coatings on Planar Surfaces

With the aim to evaluate the possibility to cleave the polymer 
from a solid support upon acidification of the environment, 
silica wafers were coated and incubated at either pH 7.4 or pH 
4.0 for 2  h and analyzed using X-ray photoemission spectros-
copy (XPS). P1S/L and L-P1S/L were chosen as representative 
examples. The atomic percentage of Si, C, O, and N was deter-
mined based on the peak areas in every sample (Table 1 and 
Table S1, Supporting Information). First, the increasing per-
centages of C, O, and N confirmed the deposition of all four 
polymers on the silica surfaces. Second, samples coated with 
P1S and P1L had a C/Si ratio of 1.7–2.9 independent of the expo-
sure to acidic pH, illustrating an irresponsive polymer coating. 
In contrast, the atomic ratio C/Si was calculated to be 1.7–1.8 for 
L-P1S and L-P1L incubated at pH 7.4, while it dropped to 1.0–1.1 
when incubated at pH 4, indicating the expected detachment of 
the polymer chains from the surface.

2.4. Coatings on Colloids

Silica (SiO2) particles were synthesized by a modified Stöber 
method, which uses the hydrolysis and condensation of the 
silica precursor (i.e., TEOS or APTES) assisted by an alkaline 
catalyst (i.e., NH4OH). The synthesis was tuned to obtain sub-
100 and 500  nm SiO2 particles for the cell interaction studies 
and the locomotion analysis using optical microscopy, respec-
tively. Specifically, SiO2 particles with an average diameter of  
75 (±14) nm and 510 (±68) nm (Gaussian distribution, for 95.5% 

of the population), respectively, were obtained as determined 
from electron microscopy (EM) images (Figure S1, Supporting 
Information). The SiO2 particles will be referred to as xS from 
now where x indicates their diameter in nm. Fluorescently 
labeled SiO2 particles with an average diameter of 78 (±12) nm  
were obtained by adding APTES modified rhodamine B  
(RB-APTES) during synthesis resulting in fxS.

In the next step, the as-synthesized SiO2 particles were func-
tionalized with the different polymers, using a silanization reac-
tion between the triethoxysilane (TEOS) group of the linkers 
and the hydroxyl group of the silica surface, forming a cova-
lent SiOSi bond. The coated SiO2 particles are referred to 
as xSP from now on where P indicates the polymer type (i.e., P1 
for PHEMA, P2 for PCEA, and P3 for PEGMA). Janus (asym-
metric) particles were made employing the Pickering emulsion 
method.[41] Specifically, P3S/L was deposited on the accessible 
hemisphere of the 80- and 500-nm SiO2 particles in the Pick-
ering emulsion, resulting in 80JSP3S/L and 500JSP3S/L, respectively.  
Details on the individual motors’ assembly are in Supporting 
Information Table S2, Supporting Information.

Bright-field microscopy images of the samples indicated 
that the high molecular weight polymers affected the stability 
of the colloids, resulting in aggregation for 500SP1L and 500SP2L, 
which were therefore not further considered (Figure S2, Sup-
porting Information). The polymer conjugation was confirmed 
by Fourier-transformed infrared (FTIR) spectroscopy (Figure 3).  
The spectrum of 500S indicated the presence of SiO bonds, 
with a strong vibrational band centered at 1065 cm−1 (black 
spectrum). New vibrational modes appeared (highlighted 
within the dotted rectangles) due to the polymer conjugation. 
The coating of 500SP1S was confirmed by the presence of the 
acrylate group (orange spectrum), displaying the characteristic 
CO, CC, and COC stretching modes centered at 1650, 
1460–1380, and 1090–1045 cm−1, respectively. Further, the CH3 
and OH vibrational modes were observed in the regions of 
2980–2880 and 3300 cm−1, respectively. 500SP2S showed similar 
features due to the similar chemical structures of HEMA and 

Table 1.  XPS analysis of P1S and L-P1S immobilized on planar silica 
wafers.

Element Atomic percentage [%]

Si wafer P1S coatings L-P1S coatings

pH 7.4 pH 4.0 pH 7.4 pH 4.0

O 35.7 29.7 30.4 30.5 29.7

C 9.3 51.2 50.6 42.5 40.0

Si 55.0 17.8 17.8 25.7 28.6

N – 1.3 1.2 1.3 1.7

C/Si 0.2 2.9 2.9 1.7 1.0
Figure 3.  FTIR spectra of 500S, 500SL-P1S, 500SL-P2S, and 500SL-P3S. The grey 
rectangles denote the characteristic bands for the specific polymers.

Adv. Mater. Interfaces 2023, 10, 2201509
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CEA (blue spectrum). However, 500SP3S had only the vibrational 
bands characteristic of the CH3 and OH stretching modes 
as expected for PEGMA (green spectrum). Notice that the band 
centered at ≈1065 cm−1 changed from the wide band typical of 
the Si-O vibration to sharp peaks typical of the COC vibra-
tion in all spectra.

Complementary, XPS analyses of the polymer coated parti-
cles were performed. For this purpose, the colloids were dried 
on a titanium-coated silica wafer to avoid the interference of the 
background signal from the silica wafer and the silica particles. 
The observed overall increase in the C/Si ratio in all the sam-
ples indicated that the polymer deposition was successful, while 
no C was detected for 500S (Table S3, Supporting Information). 
Further, the N signal confirmed the polymer deposition, with 
the expected higher increase for polymer coatings containing L2 
due to their chemical structure.

2.5. Motion Experiments

With the aim to assess if polymer chain detachment from 
the particles’ surface could result in enhanced mobility of the 
particles, the motors were exposed to a propagating pH gra-
dient and their motion was recorded using an optical micro-
scope. It was expected that the acidification of the environment 
caused the cleavage of the pH-labile linker, and the subsequent 
polymer coating disassembly resulted in a localized break in 
symmetry, allowing the particles to propel together with and in 
the direction of the acid front (Figure 4a).

First, the propagation of the pH front depending on the 
amount of added hydrochloric acid (HCl) to the inlet of the 
channel was assessed. The pH front propagation speed increased 
with increasing HCl concentration. The front propagation speeds 
were estimated from the derivatives of the position-time func-
tions (Figure S3, Supporting Information), resulting in average 
values of 0.004, 0.045, and 0.063 µm s−1 for the concentrations of 
0.1, 0.5, and 1.0 m HCl, respectively. The final pH in the channels 
after homogenization of the acid was found to be ≈4, ≈2, and ≈1 
for 0.1, 0.5, and 1.0 m HCl, respectively.

Second, 500SL-P1S, 500SL-P2S, and 500SL-P3S were used as the  
pH-responsive motors, and 500SP1S, 500SP2S, and 500SP3S were 
chosen as the irresponsive controls. Specifically, the different 
assemblies were added into a bovine serum albumin (BSA)-coated  
microfluidic channel, and the locomotion was recorded for up 
to 1  min after adding different concentrations of HCl to the 
inlet of the channel (Figure  4a). When subjected to a pH gra-
dient, the pH-responsive motors exhibited enhanced Brownian 
motion compared to the controls (Figure  4b(i)/c(i)/d(i)). This 
observation confirmed that the mobility was due to the polymer 
coating disintegration in the acidic environment and not due to 
the presence of the propagating pH front itself. A careful anal-
ysis of the trajectories indicated that most of the motors did not 
show directed locomotion, except for 500SL-P2S exposed to the 
steepest pH gradient. (Note: for these analyses, a new algorithm 
was employed, which only considers motors in the ensemble 
during their mobile phase. See Experimental Section for 
details). In addition, 500SL-P3S was the only motor that showed 
directed motion for the entire ensemble in all pH gradients. 
Further, 500SL-P1S and 500SL-P2S lost their mobility immediately 

after the acid front passed, while 500SL-P3S propelled for at least 
1 min. These facts were also reflected in the MSD plots, where 
the diffusivities of 500SL-P1S and 500SL-P2S were similar to the 
controls exposed to the similar pH gradient (Figure 4b(ii)/c(ii)  
and Movies S1/S2, Supporting Information). Specifically, 500SL-P1S  
exhibited only enhanced Brownian motion and 500SL-P2S did 
change their random diffusion into weak ballistic motion, as 
illustrated by the change from linear to parabolic in the MSD 
plots. The diffusivity of 500SL-P3S increased substantially and 
indicated the turnover from simple random diffusion to proper 
ballistic motion, as evidenced both in the MSD plots, which 
became parabolic when the pH decreased (Figure 4d(ii)), and in 
the videos showing the motors’ motion (Movie S3, Supporting 
Information).

Further, the whisker plots (for calculation details see the 
Motion Experiments section in Experimental Section 4) revealed 
that 500SL-P1S and 500SL-P2S had average and median velocities 
similar or even slower than the controls (< 0.5 µm s−1) with an 
increasing part of the motors’ population moving at very slow 
speeds (Figure  4b(iii)/c(iii)). Further, the mobility of 500SL-P1S 
and 500SL-P2S dropped after losing the polymer shell, indicated 
by the shorter trajectories or an even distribution of the motors’ 
population ranging from traveling distances close to 0 up to ca. 
10–12 µm (Figure 4b(iv)/c(iv)). We hypothesized that the change 
in the physicochemical properties of the polymers resulted in 
this lack of mobility. P1 tends to form hydrogels in solution, 
which might cause particle aggregation and hence, loss of loco-
motion. P2 becomes uncharged at acidic pH due to the pro-
tonation of the carboxyl groups, resulting in polymer collapse 
and eventual aggregation of the particles, also hindering their 
motion. Alternatively, P3 is both water-soluble and unaffected 
by pH changes; facts that might explain the enhanced locomo-
tion when this polymer was employed.

The velocity of 500SL-P3S did not seem to be affected by the dif-
ferent pH, and only a slight increase from 0.5 to 1 µm s−1 was 
observed compared to the controls (Figure 4d(iii)). Nonetheless, 
the whisker plots did not show a large population of either very 
slow or non-mobile motors, illustrating that almost the entire 
motor population exhibited enhanced locomotion. The long 
trajectories of 500SL-P3S reached up to 20 µm traveling distance 
(Figure 4d(iv)).

In an effort to determine the effect of the polymer chain on 
the locomotion, 500SL-P3L was employed for comparison. These 
motors only showed a poor increase in mobility without a 
clear indication of ballistic motion. The whisker plots showed 
slow average velocities with a large part of the motors in the 
ensemble being very slow (Figure S4, Supporting Information). 
We speculate that this observation was probably related to the 
fact that the disassembly of the P3L brushes was either ineffi-
cient and/or resulted in an increased local viscosity that might 
have impaired the locomotion of these motors (Movie S4, Sup-
porting Information).[42]

The final effort aimed to determine the mobility of the lead 
motor 500SL-P3S in cell media, since this is the relevant environ-
ment for any type of cell culture-based evaluation. The motors 
were dispersed in shallow, circular wells filled with cell media to 
mimic the actual environment when exposed to cells (Figure 5a  
and Movie S5, Supporting Information). As expected, the tra-
jectories suggested no improved locomotion in comparison to 
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the controls, since there was no break in symmetry for these 
homogenously coated motors that would result in propul-
sion, even upon polymer disassembly (Figure 5b(i), top panel). 

The MSD plots also corroborated this observation, showing 
no enhancement in diffusion or transition to ballistic motion 
(Figure  5b(ii), top panel). Further, the velocities of 500SL-P3S in 

Figure 4.  a) Cartoon illustrating the locomotion experiment. The acid front propagation triggers the polymer disassembly and the motor mobility. 
Locomotion properties in a pH gradient of b) 500SL-P1S, c) 500SL-P2S, and d) 500SL-P3S. For every motor, the representative trajectories (i), MSD plots (ii), 
the velocities represented as whisker plots (iii), and the displacement (iv, zero excluded) are shown. Controls are shown in light grey and dark grey. For 
the MSD plots, data are presented as mean ± SD, n = 2. Scale bars are 100 µm.

Adv. Mater. Interfaces 2023, 10, 2201509

 21967350, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201509 by U
niversity O

f Southam
pton, W

iley O
nline L

ibrary on [03/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2201509  (7 of 13) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

cell media were comparable to 500SL-P3S subjected to a propa-
gating acid front (Figure 5b(iii), left). This was expected because 
of the crowded environment of the cell media, and the displace-
ment of the motors was very short (i.e., <5 µm) (Figure 5b(iv), 
top panel).

In light of these results, we used Janus particles to improve 
the locomotion properties (i.e., 500JSL-P3S). Although the trajec-
tories did not seem to improve at a first sight (Figure  5b(i), 
bottom panel), the MSD plots did reveal improved locomo-
tion, as the slope became steeper (Figure  5b(ii), bottom 
panel). This was also shown in the whisker plots, where the 
population of 500JSL-P3S showed a threefold increase in average 
velocity (Figure  5b(iii), right) compared to both the controls 
and the homogeneous motors. These motors displayed longer 
trajectories (up to 10–12  µm) (Figure  5b(iv), bottom panel), 
which suggested that they might result in good candidates for 
improved cellular uptake. It should be noted that the low sta-
bility of the acid-labile linker in cell media was not expected 
and cannot be explained in detail, but it cannot be attrib-
uted to an environmental pH change (Figure S5, Supporting 
Information).

2.6. Basic Biological Evaluation

Finally, the interaction of the motors with the murine mac-
rophage-like cell line RAW 264.7 was studied. Macrophage-like 
cells are the type of cells that first interact with xenobiotics 
entering an organism. RAW 264.7 macrophages specifically 
are often used as a model for (nano)particle-screening to gain 
a basic understanding of the nanomaterial’s cytotoxicity and 
intracellular fate.

Smaller-sized particles (80  nm) were chosen for the cell 
experiments to ensure that the uptake/association efficacy 

of the particles with the cells was not limited due to too large 
dimensions. The particles were core-labeled with rhodamine 
B to allow tracking by flow cytometry or confocal laser scan-
ning microscopy (CLSM). As an initial biological evaluation, 
the short-term cytotoxicity of f80JSP3S and f80JSL-P3S was deter-
mined since the Janus particles were expected to interact with 
the RAW 264.7 macrophages to a higher degree than the homo
genous particles (Figure 6a). A lactate dehydrogenase (LDH) 
assay was performed, indicating no influence on the cell mem-
brane integrity after exposure of the cells to the particles for 
24 h (Figure 6b). Then, uptake experiments were conducted in 
order to test the hypothesis of improved cellular uptake due to 
the observed increase in locomotion of 500JSL-P3S compared to 
500JSP3S in cell media. To this end, f80JSP3S and f80JSL-P3S were 
mixed with cell media and incubated with RAW 264.7 mac-
rophages for 1, 3, 6, and 24 h, followed by cell harvesting and 
analysis using flow cytometry (Figure  6c). The histograms of 
cells incubated with particles showed a broader distribution 
of fluorescence intensities compared to the cells-only con-
trols, suggesting interaction of the cells with the motors. The 
association of the motors with the cells increased over time as 
indicated by the shift of the representative histograms towards 
higher fluorescent intensities (Figure  6c(i)). Histograms 
obtained from cells incubated with f80JSP3S only showed a slow 
gradual shift towards higher fluorescent intensities, while his-
tograms from cells exposed to f80JSL-P3S exhibited a substantial 
shift towards higher fluorescence intensities already after 1  h. 
The slightly farther shift of histograms from cells exposed to 
f80JSL-P3S for 24  h compared to histograms of cells exposed to 
f80JSP3S was also reflected in the slightly increased normalized 
cell mean fluorescence (nCMF) (Figure  6c(ii)). There was a 
general trend observed that suggested an increased association 
of f80JSL-P3S with the cells compared to f80JSP3S. However, there 
were no significant differences in the nCMF.

Figure 5.  a) Cartoon illustrating the locomotion experiment in cell media. The pH-responsive linker is not stable over time and triggers the motor 
locomotion. b) Locomotion properties of 500SL-P3S and 500JSL-P3S in cell media. For every motor, the representative trajectories (i, insets: close-up of a 
single trajectory), MSD plots (ii), the velocities represented as whisker plots (iii), and the overall displacement (iv) are shown. Controls are shown in 
dark grey. For the MSD plots, data are presented as mean ± SD, n = 2. Scale bars are 100 µm.
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Complementary, the cellular uptake of f80SP3S and f80SL-P3S 
was assessed after 1, 3, 6, and 24  h incubation, showing the 
expected neglectable uptake of these homogenously coated 
particles due to the known effect of PEG to minimalize 

interactions with biomolecules and cells (Figure S6a, Sup-
porting Information).

Additionally, the uptake of the motors mixed with media and 
exposed to the cells was visualized using CLSM (Figure  6d). 

Figure 6.  Interaction of f80JSP3S and f80JSL-P3S mixed in media with RAW 264.7 macrophages. a) Schematic illustrating the experimental set-up where the 
media mixed with the motors is added to the pre-seeded cells. b) Cell viability of RAW 264.7 macrophages incubated with f80JSP3S or f80JSL-P3S for 24 h, 
determined via LDH assay (n = 3). c) Representative histograms (i) and nCMF (ii) of the RAW 264.7 macrophages incubated with f80JSP3S or f80JSL-P3S for 
1 h, 3 h, 6 h, or 24 h (F. I.: fluorescent intensity, n = 3). ns indicates no significant differences between f80JSL-P3S and f80JSP3S analyzed by one-way ANOVA 
using Šídák’s post-hoc test. d) Representative CLSM images of the cells incubated with f80JSP3S or f80JSL-P3S for 1, 3, 6, or 24 h (red: f80JSP3S or f80JSL-P3S;  
green: LysoTracker Green DND-26 stained lysosomes; blue: CellMask Deep Red Plasma Membrane Stain; white: Hoechst 33  342 stained nuclei)  
(n = 2–3). (All data are presented as mean ± SD). Scale bars are 10 µm.
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Images were taken after 1, 3, 6, and 24 h exposure of the cells 
to f80JSP3S or f80JSL-P3S and staining of the cell membranes. An 
increase in uptake of both types of particles could be observed 
over time in agreement with the flow cytometry results. How-
ever, the images did not reveal any difference in interaction 
with the cells between f80JSP3S and f80JSL-P3S. Additionally, the 
lower association of f80SP3S and f80SL-P3S with the cells was visu-
ally confirmed (Figure S6b, Supporting Information). In this 
case, larger aggregated clusters of particles were observed 
compared to the more evenly distributed fluorescent signal 
originating from f80JSP3S and f80JSL-P3S. Further, f80JSP3S and 
f80JSL-P3S were localized with the lysosomes after 24  h incuba-
tion time (Figure  6d, far-right column and Figure S6c(i)/(ii), 
Supporting Information, for split channels), that is, the yellow 
color resulting from the overlap of stain for the lysosomes 
(LysoTracker in green) and the particles (in red) indicated 
entrapment of the latter in the lysosomes. As a semi-quantitative  
method to assess the escape efficacy, the Manders’ correlation 
coefficient (MCC) was calculated. An MCC of 0.93 ± 0.03 was 
obtained for both types of particles when considering the frac-
tion of f80JSP3S or f80JSL-P3S correlated with the lysosomes, indi-
cating that the vast majority of particles were colocalized with 
the lysosomes. On the other hand, when the fraction of lys-
osomes correlated with f80JSP3S and f80JSL-P3S was considered, an 
MCC of 0.72 ± 0.02 and 0.77 ± 0.08 was obtained for f80JSP3S and 
f80JSL-P3S, respectively. These slightly lower MCC values in the 
latter case reflected that not all lysosomes contained particles 
but also that lysosomes, which were not involved in the uptake 
of particles, were stained. Consequently, the pH-sensitive linker 
did not facilitate lysosomal escape in RAW 264.7 macrophages, 
likely due to its premature disintegration in cell media prior to 
endocytosis.

With the goal to determine if the enhanced mobility of the 
motors in cell media could be beneficial for their ability to 
approach and interact with cells, we deposited 10  µL of the 
motors on top of the media of a cell-containing well instead of 
premixing the media with the motors before exposure to the cells 
(Figure 7a(i)). The representative histograms of cells exposed to 
f80JSP3S showed that it took up to 6 h for these histograms to shift 
towards higher fluorescent intensities due to the association of 
the motors with the cells (Figure 7a(ii)). In contrast, histograms 
obtained for cells exposed to f80JSL-P3S started to shift towards 
higher cell fluorescent intensities already after 1 h. Consequently, 
significantly higher nCMF values were found for cells incubated 
with f80JSL-P3S for 6 or 24 h compared to cells exposed to f80JSP3S 
(Figure 7a(iii)). Last, the aim was to ensure that the difference in 
nCMF could not be attributed to the fact that f80JSP3S was half-
coated with PEG, a polymer that hinders uptake of nanoparticles 
by cells, while f80JSL-P3S lost its PEG chains. To this end, f80JSL-P3S 
were suspended in cell media overnight to allow for the removal 
of the polymer chains (refer to as f80JSL-P3S after media). These parti-
cles were washed and resuspended in water and locally added on 
top of the media of a cell-containing well and let to incubate for 
24 h (Figure 7b(i)). The nCMF of cells exposed to f80JSL-P3S after media  
only showed ≈50% of the nCMF of cells treated with f80JSL-P3S, 
and no significant differences to the nCMF of cells exposed 
to f80JSP3S (Figure  7b(ii)). This latter finding suggested that 
enhanced locomotion was the major contributing factor that 
allowed for more efficient association of f80JSL-P3S to the cells.

Figure 7.  Interaction of locally deposited f80JSP3S and f80JSL-P3S with RAW 
264.7 macrophages. a) Schematic illustrating the local deposition of f80JSP3S 
and f80JSL-P3S in the well with pre-seeded i) RAW 264.7 macrophages,  
ii) representative histograms, and iii) nCMF of the RAW 264.7 macrophages 
incubated with f80JSL-P3S or  f80JSP3S for 1, 3, 6, or 24 h (n = 3). *p < 0.05, and 
****p < 0.0001 indicate significant differences between f80JSL-P3S and f80JSP3S 
analyzed by one-way ANOVA using Šídák’s post-hoc test. b) i) Schematic 
illustrating the pre-exposure of f80JSL-P3S to media and the local deposition 
of f80JSL-P3S after media in the well with pre-seeded RAW 264.7 macrophages. 
ii) nCMF of the RAW 264.7 macrophages incubated with f80JSP3S, f80JSL-P3S, 
or f80JSL-P3S after media for 24 h (n = 2–3). Data are presented as mean ± SD.
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3. Conclusion

We illustrated that the pH-triggered detachment of polymers 
from motor surfaces could be used to initiate locomotion 
in motors resulting in ballistic motion with top speeds of 
1–3  µm s−1. The low stability of the pH-labile linker in cell 
media was utilized to reduce the time required for cells to 
internalize the motors. However, due to the premature loss 
of the polymer coating, these motors remained trapped in the 
lysosomes.

Future efforts towards enhanced lysosomal escape of polymer
based motors using their thrust to enter the cytosol will consider 
the use of pH-labile linkers that will be stable in cell media or 
linkers that will selectively respond to lysosomal enzymes.

4. Experimental Section
Materials: Tetraethylorthosilicate (TEOS), 

hexadecyltrimethylammonium bromide (CTAB), ammonium hydroxide 
(NH4OH 29 wt.%), 2-hydroxyethyl methacrylate (HEMA), 2-carboxyethyl 
acrylate (CEA), poly(ethylene glycol) methyl ether methacrylate 
(PEGMA, average Mn 500), rhodamine B, sodium ascorbate, copper(II) 
sulfate (CuSO4), tris[2-(dimethylamino)ethyl]amine (Me6TREN), 
(3-aminopropyl)triethoxysilane (APTES), N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDCl), N-hydroxysuccinimide 
(NHS), α-bromoisobutyryl bromide, and bovine serum albumin (BSA), 
phosphate-buffered saline (PBS), bisbenzimide H 33 342 trihydrochloride 
(Hoechst 33  342), and Dulbecco’s Modified Eagle’s Medium were 
purchased from Sigma-Aldrich. 4-Dimethylaminopyridine (DMAP), 
triethyl amine (TEA), 4-hydroxybenzaldehyde, 1,4-phenylenediamine, 
di-tert-butyl decarbonate, trifluoroacetic acid (TFA), 
4-carboxybenzaldehyde, and N,N’-dicyclohexylcarbodiimide (DCC) were 
purchased from Acros Organics. Hydrogen peroxide (H2O2) and paraffin 
wax were commercially available from Merck KGaA (Germany). Sulfuric 
acid (H2SO4), anhydrous sodium sulfate (Na2SO4), sodium hydrogen 
carbonate (Na2HCO3), ethanol, dichloromethane (DCM), dimethyl 
sulfoxide (DMSO), ethyl acetate, n-hexane, chloroform, hydrochloric 
acid (37%, HCl), and tetrahydrofuran (THF) were purchased from VWR. 
µ-Slides VI 0.4 uncoated were purchased from ibidi GmbH. CyQUANT 
LDH Cytotoxicity Assay and CellMask Deep Red plasma membrane stain 
were obtained from Thermo Fisher Scientific. Fetal bovine serum (FBS) 
and LysoTracker Green DND-26 were purchased from Invitrogen, and 
penicillin−streptomycin (10 000 U mL−1) was purchased from Gibco. 
Ultrapure water (18.2 MΩ cm resistance) was provided by an ELGA 
Purelab Ultra system.

HEPES buffer (10  mm HEPES and 50  mm NaCl in ultrapure water, 
pH 7.4) and Na2HPO4 buffer (2.5  mm Na2HPO4 and 50  mm NaCl in 
ultrapure water, pH 4.0) were employed to control the pH throughout 
the experiments.

Non-Labeled Silica (SiO2) Particle Synthesis: Silica (SiO2) particles of 
ca. 80 and 500 nm were prepared following a modified Stöber method.[43] 
For the 80 nm particles, 10.8 mL ultrapure water, 80.6 mL ethanol, and 
2.36  mL NH4OH (28  wt.%) were mixed in a flask and sonicated for 
10 min. Next, 6.24 mL TEOS was added to the solution and sonicated 
for 10 min. The resulting cloudy solution was left to stand overnight and 
finally centrifuged to remove the supernatant. The thus obtained silica 
particles were washed repeatedly with water and ethanol (5000  rpm, 
10 min), and finally kept in water and stored in a fridge. For the 500 nm 
particles, 325 mg of CTAB were dissolved in a mixture of 50 mL ethanol 
and 125 mL ultrapure water and stirred until complete dissolution. Next, 
1.5 mL of NH4OH (29 wt.%) were added under stirring, and finally 2 mL 
of TEOS (50 vol. % in ethanol) were added dropwise. The solution was 
allowed to react overnight at room temperature. Finally, the particles 
were washed with ethanol (5000 rpm, 10 min, 3×) and stored in ethanol 
until further use.

Fluorescently-Labeled SiO2 Particles Synthesis: For the cell experiments, 
fluorescently labeled SiO2 particles were made by adding APTES-
modified rhodamine B (RB-APTES) during the particle synthesis.

RB-APTES was made by dissolving rhodamine B (2  mmol, 0.96  g), 
EDCl (4 mmol, 0.77 g), and DMAP (4 mmol, 0.49 g) in DCM (40 mL). 
The solution was stirred at room temperature for 1  h. Then APTES 
(3  mmol, 0.66  g) was dissolved in DCM (10  mL) and added dropwise 
to the solution. The reaction was stirred at room temperature overnight. 
After that, the solvent was evaporated and the crude product was 
purified with column chromatography using hexane: ethyl acetate  
(3:1, v/v) as the eluent, which gave the pure product RB-APTES as a 
slightly pink oil.

Then, the particles were made by mixing 10.8  mL ultrapure water, 
80.6 mL ethanol, and 2.36 mL NH4OH (28 wt.%) in a flask followed by 
sonication for 10  min. 6.24  mL TEOS and RB-APTES (0.58  g, 10  wt.% 
of TEOS) were added to the solution and sonicated for 10  min. The 
resulting cloudy solution was left to stand overnight and finally 
centrifuged to remove the supernatant. The thus obtained pink silica 
particles were washed repeatedly with water and ethanol (5000  rpm, 
10 min), and stored in water in a fridge.

All particles were visualized using transmission electron microscopy 
(TEM). TEM images were taken with a Tecnai G2 Spirit Instrument, 
working at an acceleration voltage of 100  kV. Samples for TEM were 
deposited in copper/Formvar/carbon grids (300 mesh) and allowed 
to dry. The particle size was determined by averaging the diameter of 
≈200 particles from TEM images using the Fiji software. The Gaussian 
function was utilized for the size distribution analysis, indicated as x ± 2s  
(average plus/minus 2× std. dev., for 95.4% of the population).

Synthesis of Linker L0: APTES (12  mmol, 2.6  g) and TEA (30  mmol, 
3.0  g) were dissolved in anhydrous DCM (30  mL). The solution was 
cooled down in an ice bath. α-Bromoisobutyryl bromide (10  mmol, 
2.3  g) was dissolved in anhydrous DCM (10  mL) and added dropwise 
to the solution. The mixture was stirred at room temperature overnight. 
After that, the solvent evaporated and the crude product was purified 
with column chromatography using hexane : DCM = (3:1, v/v) as the 
eluent, which gave the product as a colorless oil.

Synthesis of Linker L1: 4-Hydroxybenzaldehyde (32.8  mmol, 4  g) and 
TEA (98.4 mmol, 9.95 g) were dissolved in anhydrous THF (100 mL) and 
cooled down in an ice bath. α-bromoisobutyryl bromide (39.3  mmol, 
9.04 g) was added dropwise to the solution. The reaction was left to stir 
overnight at room temperature. Then, the solvent was evaporated and 
ethyl acetate (100  mL) was added to dissolve the residue followed by 
2× washing with brine. The organic phase was collected and dried over 
anhydrous Na2SO4. The pure product was obtained after purification 
with column chromatography using hexane : DCM = 1:1 (v/v) as the 
eluent.

The product from the last step (1.35  g, 5  mmol) and TEA (1.52  g, 
15 mmol) were dissolved in anhydrous DCM (30 mL) and cooled down 
in an ice bath. To the solution, APTES (1.33  g, 6  mmol) in anhydrous 
DCM (5  mL) was added dropwise. The reaction was left to continue 
overnight. After that, the solvent was evaporated and the crude product 
was purified with column chromatography using hexane : DCM = 1:2 
(v/v) as the eluent, which gave the product as a yellowish solid.

Synthesis of Linker L2: 1,4-Phenylenediamine (50  mmol, 5.4  g) was 
suspended in DCM (200 mL). To the solution, di-tert-butyl decarbonate 
(20  mmol, 4,37  g) was added in one portion, followed by a catalytic 
amount of DMAP (2.5 mmol, 305 mg). The mixture was stirred at room 
temperature for 24  h. After that, the crude product was purified with 
column chromatography using ethyl acetate : hexane = 2:1 (v/v) as the 
eluent, which gave the product as a slightly yellowish solid.

The product from the last step (3.74  mmol, 0.77  g) and TEA 
(11.2  mmol, 1.13  g) were dissolved in anhydrous DCM (30  mL). 
The solution was cooled down in an ice bath. To the solution, 
α-bromoisobutyryl bromide (1.5  mmol, 1.29  g) in anhydrous DCM 
(10 mL) was added dropwise. Afterwards, the reaction was left to react 
overnight at room temperature. The crude product was purified with 
column chromatography using hexane : ethyl acetate (2:1) as the eluent, 
which gave the pure product as a yellowish solid.
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The product from the last step (1.23  mmol, 440  mg) was dissolved 
in a mixture of DCM (15 mL) and TFA (15 mL) in an ice bath. Then the 
reaction was continued at room temperature overnight and confirmed 
the full consumption of the starting material with TLC. The flask was 
cooled down in an ice bath again and a saturated solution of NaHCO3 
was added slowly to neutralize the excess TFA. The organic phase 
was washed with water 3× and dried over anhydrous Na2SO4. After 
evaporation, the pure product was obtained as a gray solid, which was 
used in the next step without extra purification.

4-Carboxybenzaldehyde (10  mmol, 1.5  g) was suspended in THF 
(40 mL). To this solution, NHS (15 mmol, 1.73 g) and DCC (15 mmol, 
3.09  g) were added in one portion. The mixture was stirred at room 
temperature for 4  h. The precipitate was filtered off and the filtrate 
was concentrated. The crude product was purified with column 
chromatography using hexane : DCM = 1 : 5 (v/v) as the eluent, which 
gave the product as a white solid.

The product from the last step (1.62  mmol, 400  mg) and TEA 
(4.86 mmol, 490 mg) were dissolved in DCM (30 mL) and cooled down 
in an ice bath. To the solution, APTES (2.1 mmol, 465 mg) in anhydrous 
DCM (10  mL) was added dropwise. The reaction was left to continue 
overnight at room temperature. After that, the solvent was evaporated 
and the crude product was purified with column chromatography using 
hexane: ethyl acetate (1:1, v/v) as the eluent, which gave the pure product 
as a colorless viscous oil.

The amine (0.226 mmol, 58 mg) was dissolved in anhydrous ethanol 
(2 mL). The aldehyde (0.226 mmol, 80 mg) was dissolved in anhydrous 
ethanol (1  mL) and added dropwise to the solution. The mixture was 
refluxed overnight and cooled down to room temperature. After that, the 
solvent was evaporated and a minimum amount of DCM was added to 
dissolve the crude product. To the solution, diethyl ether (40  mL) was 
added to induce precipitation. The precipitate was filtered and washed 
repeatedly with diethyl ether, which gave the product L2 as a pale yellow 
solid.

Stability of the Linkers: The stability of L1 and L2 was assessed by 
monitoring the time-dependent absorption of both linkers at pH 
between 2 and 7.4. For that, L1 or L2 (50  µg mL−1) were dissolved in 
the corresponding buffer and a multimode plate reader (Perkin Elmer) 
was used to record the absorbance at λ = 373 nm for L1 and 350 nm for  
λ = L2 every 5 min for 1 h. The stability of L2 in cell media was monitored 
over 6 h instead.

Poly(2-Hydroxyethyl Methacrylate) (P1) Synthesis: L0 or L2 
(0.1 mmol), 2-hydroxyethyl methacrylate (5 mmol, 650 mg), and tris[2-
(dimethylamino)ethyl]amine (67  µL, 0. 25  mmol) were dissolved 
in anhydrous DMSO (2  mL). The mixture was protected under N2 
atmosphere. CuCl (0.12  mmol, 12  mg) was suspended in anhydrous 
DMSO (0.5  mL) and bubbled with N2 for 10  min. After that, the CuCl 
solution was transferred and the two mixtures were combined. The 
solution was reacted for 1 or 24 h at room temperature. Afterward, the 
reaction mixture was added dropwise to a large volume of DCM (50 mL) 
to induce precipitation. The precipitates were collected by centrifugation 
and washed 3× with DCM, which gave the polymer PHEMA as a white 
solid.

Poly(2-Carboxyethyl) Acrylate (P2) Synthesis: P2 was synthesized in the 
same manner as P1 except that 2-carboxyethyl acrylate was used as the 
monomer instead of 2-hydroxyethyl methacrylate and the reaction time 
was 1 or 24 h.

Poly(Ethylene Glycol) Methyl Ether Methacrylate (P3) Synthesis: P3 was 
synthesized in the same manner as P1 except that poly(ethylene glycol) 
methyl ether methacrylate (average Mn 500) was used as the monomer 
instead of 2-hydroxyethyl methacrylate and the reaction time was 1 or 
5 h.

Planar Surfaces: The deposition and disruption of L-P1S, L-P1L, P1S, 
and P1L were assessed by X-ray photoelectron spectroscopy (XPS). 
Silicon wafers were cut into 10 × 10 mm2 squares and cleaned with 
freshly prepared piranha solution (H2O2:H2SO4 in a 3:7  vol. ratio) for 
30  min. (Caution: piranha solution was highly reactive and great care 
must be taken when handling it.) The crystals were rinsed with ultrapure 
water and then thoroughly washed with ethanol and ultrapure water 

followed by drying under an N2 flow. Then, the silicon crystals were 
functionalized with the different polymers. For that, the crystals were 
placed in a 5-mL glass vial and either L-P1S or L-P1L (1  mg mL−1) was 
added and left to react overnight at room temperature. Next, the crystals 
were again washed with ethanol and ultrapure water followed by drying 
under an N2 flow. Afterwards, the crystals containing the polymer were 
exposed to pH 7.4 or pH 4.0 for 2 h, followed by washing with ethanol 
and ultrapure water and dried under an N2 flow. Clean silicon crystals 
and P1S or P1L functionalized crystals exposed to pH 7.4 and pH 4.0 
were used as controls. The XPS experiment was carried out using a 
monochromated Al Kα X-ray source (1486.7  eV) operated at 150  W 
and residual pressure in the 10−9  torr range on a Kratos Axis UltraDLD 
spectrometer. Survey scans were collected with 160  eV analyzer pass 
energy and 1.0  eV step size. CasaXPS software–version 2.3.16 (Casa 
Software Ltd, Wilmslow, Cheshire, UK) was used to process the spectra. 
The spectra were calibrated by setting the Si2p peak to 99.0  eV. The 
atomic surface concentrations represent the average of survey scans 
taken at three different spots on each sample, and two independent 
repeats were exercised.

Polymer Deposition: L-P1S/L, L-P2S/L, L-P3S/L, P1S/L, P2S/L, and P3S/L 
(6 mg) were dissolved in methanol (950 µL) and added to silica particles 
(30  mg). Deionized water (50  µL) was added, and the mixture was 
reacted at room temperature for 3 days. Afterward, the silica particles 
were collected by centrifugation and washed 3× with methanol, 
ethanol, and finally dispersed in ethanol to prevent the hydrolysis of 
the imine. Prior to use, the ethanol solution was replaced with water by 
centrifugation. The yielded particles were referred to as xSP, where x is 
the particle diameter (nm) and P is the type of immobilized polymer.

Fourier transformed infrared spectroscopy (FTIR) was employed, 
using a Perkin Elmer Spectrum Two spectrophotometer with a LiTaO3 
detector working in ATR (attenuated total reflectance) mode was used 
to assess the polymer immobilization. 500SP were washed (6000  rpm, 
2  min) and redispersed in ethanol to assess the FITR measurement. 
10  µL of each sample were deposited onto the diamond crystal and 
allowed to dry. 4 scans were recorded between 450–4000 cm−1 with a 
resolution of 1 cm−1.

XPS was also exercised on the colloids to determine the polymer 
deposition. For that, silicon wafers were cut into 10 × 10 mm2 squares 
and a titanium layer was deposited on the surface to avoid interferences 
from the silica originating from the substrate. Then, the crystals were 
cleaned with freshly prepared piranha solution (H2O2:H2SO4 in a 3:7 vol. 
ratio) for 30  min. The crystals were rinsed with ultrapure water and 
then thoroughly washed with ethanol and ultrapure water followed by 
drying under an N2 flow. Then, the crystals were functionalized with the 
different colloids. 500SL-P1S, 500SL-P2S, 500SL-P3S, and 500SL-P3L were deposited 
on the crystals and left to react for 2  h. Next, the crystals were again 
washed with ethanol and ultrapure water followed by drying under an 
N2 flow. Clean titanium-modified crystals and 500S functionalized crystals 
were used as controls. The XPS experiment was conducted as outlined 
before.

Motion Experiments: BSA-coated microfluidic channels were used to 
assess the locomotion. For that, the channels were filled with a solution 
of BSA (1  mg mL−1) and allowed to functionalize for 1  h. Next, the 
channels were rinsed with HEPES buffer (pH 7.4) before use.

500SL-P1S, 500SL-P2S, and 500SL-P3S were diluted 10× in HEPES buffer  
(pH 7.4), vortexed and then transferred into a µ-Slides VI 0.4 microfluidic 
channel (Ibidi GmbH) coated with BSA. 500SP1s, 500SP2s, and 500SP3s were 
considered as controls. The samples were added to the microfluidic 
channel and left to stabilize for 5 min. Next, 5 µL of HCl (0, 0.1, 0.5 or 
1.0 m, final pH 7.4, 4, 2, and 1, respectively) were added to the channel, 
and the movies were collected right after for 1.5 min using a bright-field 
microscopy (Olympus IX81) at 16.67 fps using a 60× oil objective. For the 
Janus motors 500JSL-P3S, Ibidi treat µ-Slides 18 well-flat/low volume were 
used (Ibidi GmbH). The trajectories of individual motors were tracked by 
using the Fiji plugin “TrackMate”.[44] The trajectories were then extracted 
and imported to Matlab, in which the mean-squared displacement 
(MSD) analysis was exercised, using a protocol published elsewhere.[45] 
The locomotion performance of the motors was analyzed according to 
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the following equation MSD = 4DeffΔt + v2Δt2, where Deff and v stand for 
the effective diffusion coefficient and the average velocity, respectively. 
For motors undergoing only Brownian (random) motion, the quadratic 
term of the equation approximates to zero, whereas for those displaying 
directed (ballistic) motion, Deff becomes negligible. The error bar 
given in the plots was the standard deviation of the mean. Note that 
the larger error bars at longer times in the MSD plots were a result of 
the cumulative errors for every time shift. Whisker plots of the median 
velocity of all motors were exercised using the in-house developed 
Python scripts which are available as Supporting Information section 
(zip folder “swim-trackcode_SI” with sample data measured from optical 
tracking experiments analyzed in Figure  4). This folder also contains 
all analysis scripts used to produce the whisker plots and histograms, 
written in Python programming language. The added README file 
contains instructions for use. The whisker plots (or boxplots) present 
the average velocity (line crossing each box), the median (triangle), and 
the first and third quartiles (lower and upper edges of the box). Outliers 
are indicated as crosses. To obtain the velocity whisker plots, first, each 
recorded motor trajectory was discretized into time intervals Δτi equal 
to the duration of the camera frame, that is, Δτi  = 1/16.67 s. Then the 
corresponding “instantaneous” motor displacements τ∆r i

 during Δτi 
were calculated as 2 2= +τ τ τ∆ ∆ ∆r x y

i i i
, with τ∆x

i
 and τ∆y

i
 being the planar 

coordinate changes recorded by the tracking camera during the time 
instants Δti. In the next step, the average velocity v was calculated for 
each motor trajectory by summing only the instantaneous contributions 
with non-zero displacement, that is, v  =  R/T, where the total length 

∑= τ∆R r
i

i
 and the total time duration ∑ τ= ∆T

i
i  were evaluated by 

summing only those trajectory contributions with 0>τ∆r i
. This method 

allowed the exclusion of the static motor trajectory contributions Δτi 
which would otherwise lead to underestimated velocities.

Cell Experiments: Macrophage-like murine RAW 264.7 cells were 
obtained from the European Collection of Authenticated Cell Cultures 
and cultured in 25 cm2 culture flasks at 37 °C and 5% CO2. Dulbecco’s 
Modified Eagle’s Medium was used containing 4500  mg L−1 glucose, 
sodium bicarbonate, and sodium pyruvate (passage window of the 
cells: 12−25). The medium was supplemented with 10% FBS and 1% 
streptomycin/penicillin.

Cell Viability: RAW 264.7 macrophages were seeded in 96-well plates 
with a concentration of 30 000 cells per well. The plates were incubated 
at 37  °C and 5% CO2 overnight. f80JSL-P3S or f80JSP3S (≈4.3  µg per well) 
were resuspended in media (including FBS) and added to the wells not 
exceeding 10 vol% in 100  µL of media. The concentration of the stock 
solutions of the particles was adjusted according to the fluorescence 
intensity obtained from plate reader measurements to ensure exposure 
of the cells to similar amounts of particles. Wells with cells not exposed 
to particles served as controls and all samples were incubated for 24  h 
at 37  °C and 5% CO2. The LDH assay was performed by transferring 
50 µL of media from each well to a new black 96-well plate and adding 
50  µL of reagent mixture to each of the wells followed by incubation at 
room temperature for 10  min. Then, 50  µL of stop solution was added, 
and the fluorescent intensity (λex/em = 560/590 nm) was measured using 
a multimode plate reader. Spontaneous LDH was reflected by the signal of 
non-treated cells, whereas maximum LDH corresponded to the signal of 
lysed cells. The cells were lysed by the addition of 10 µL of 10× lysis buffer 
and incubation at 37  °C and 5% CO2 for 45  min prior to the addition 
of reagent mix and stop solution. Three independent repeats for each 
sample were conducted. The background fluorescence of only media 
was subtracted from all values and the cell viability was calculated as 
follows:

Cell viability %

100%
compound treatedLDH spontaneousLDH

maximumLDH spontaneousLDH
100

( ) =

− −
− ×





 
� (1)

Cellular Uptake: The uptake of the motors by RAW 264.7 macrophages 
was evaluated by flow cytometry. Cells were seeded in 96-well plates with 

a concentration of 50 000 cells per well and incubated at 37 °C and 5% 
CO2 overnight. Next, f80JSL-P3S, f80JSP3S, f80SL-P3S, or f80SP3S (≈4.3  µg per 
well) were added to the cells by two different methods: either premixed 
in 100 µL of media or suspended in water and carefully added dropwise 
into the fresh media covering the cells (10 v%) without further agitation. 
To obtain particles pre-exposed to media, f80JSL-P3S were suspended in 
cell media and let stand overnight, spun down, and resuspended in 
water. The plates were incubated for 1, 3, 6, and 24 h at 37 °C and 5% 
CO2. Following, the cells were washed twice with cell media, detached 
from the wells by scraping, and suspended in 200 µL of cell media. The 
cell mean fluorescence (CMF) was analyzed using a flow cytometer 
(λex = 488 nm) (Guava easyCyte Single Sample Flow Cytometer, Merck). 
The autofluorescence of untreated cells was subtracted and the values 
were normalized by the CMF of f80JSL-P3S or f80SL-P3S.

Intracellular Fate: The uptake of the particles by the cells was 
visualized using CLSM. To this end, RAW 264.7 macrophages (300 000 
cells in 1  mL cell media) were seeded in a cell culture imaging dish 
(35 mm confocal dish, VWR) and allowed to adhere overnight at 37 °C 
and 5% CO2. f80JSL-P3S or f80JSP3S (≈13 µg resuspended in 1 mL media) 
were added to each confocal dish and left to incubate for 1, 3, 6, and 
24 h at 37 °C and 5% CO2. Furthermore, f80SP3S or f80SL-P3S were added 
to the cells to incubate for 1 h and 24 h. The cells were washed twice 
with PBS and the samples after 24 h incubation with f80JSP3S or f80JSL-P3S 
were stained with LysoTracker. Here, LysoTracker Green DND-26 was 
diluted in prewarmed media to a final concentration of 100  nm. The 
area containing the cells was covered with 120  µL of the lysotracker-
containing media, followed by 45  min of incubation at 37  °C and 5% 
CO2 and washing twice with PBS. Nuclei were stained with Hoechst 
33 342 by incubating the cells with a 1:200 dilution in PBS for 15 min 
at room temperature. All samples were incubated with CellMask Deep 
Red Plasma membrane stain (5  µg mL−1 in 120  µL of cell media) for 
5 min. PBS (1 mL) was added for storage after washing twice. The cells 
were visualized using a Zeiss LSM700 CLSM. Five images at random 
locations with the same settings were taken per sample, and three 
independent experiments with CellMask stain or two independent 
experiments with additional LysoTracker staining were performed. The 
gain of the images has been artificially enhanced afterward for better 
visualization without any influence on the colocalization calculations. 
The colocalization of the particles with the lysosomes was determined 
via the Manders’ colocalization coefficient (MCC) using the Coloc 2 
plug-in for ImageJ after subtraction of the background (50  pixel ball 
pen size) for all images.

Statistical Analysis: Statistical significance was determined by one-way 
ANOVA followed by Šídák’s multiple comparison test using GraphPad 
Prism version 9. 0. 0 for Windows. A p < 0.05 was considered statistically 
significant and it is presented as follows, *p < 0.05, and ****p < 0.0001. 
The presence of outliers was analyzed by Grubb’s test (alpha = 0.05) 
using GraphPad online outlier calculator. Outliers were removed from 
the dataset. Data are represented as the mean ± SD of three independent 
repeats.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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