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Extremophile-based biohybrid micromotors for
biomedical operations in harsh acidic environments
Fangyu Zhang†, Zhengxing Li†, Yaou Duan†, Hao Luan, Lu Yin, Zhongyuan Guo, Chuanrui Chen,
Mingyao Xu, Weiwei Gao, Ronnie H. Fang, Liangfang Zhang*, Joseph Wang*

The function of robots in extreme environments is regarded as one of themajor challenges facing robotics. Here,
we demonstrate that acidophilic microalgae biomotors canmaintain their swimming behavior over long periods
of time in the harsh acidic environment of the stomach, thus enabling them to be applied for gastrointestinal
(GI) delivery applications. The biomotors can also be functionalized with a wide range of cargos, ranging from
small molecules to nanoparticles, without compromising their ability to self-propel under extreme conditions.
Successful GI delivery of model payloads after oral administration of the acidophilic algae motors is confirmed
using a murine model. By tuning the surface properties of cargos, it is possible to modulate their precise GI
localization. Overall, our findings indicate that multifunctional acidophilic algae-based biomotors offer distinct
advantages compared to traditional biohybrid platforms and hold great potential for GI-related biomedical
applications.
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INTRODUCTION
The operation and navigation of robots in extreme environments
have been listed as one of the 10 grand challenges facing robotics
in the next decade (1). Recent robotic research along these lines
has focused primarily on developing macroscale robots for opera-
tion in challenging environments, such as deep oceans with high
pressure (2), polar regions with low temperature (3), and deserts
with high temperature (4). Upon scaling to the microscale regime,
robots face additional challenges associated with propulsion in a
low Reynolds number medium. Over the past decade, various mi-
crorobotic platforms have been developed to meet the propulsion
requirements for diverse biomedical and environmental applica-
tions using three motion mechanisms, including energy harvesting
from external fields (5–9), reaction with fuels present in the local
surroundings (10–15), or using the intrinsic motility and natural
taxis behavior of living biological organisms (16–20). Microrobotic
platforms can provide distinctive advantages for in vivo operations
by leveraging their active propulsion to deliver therapeutics to spe-
cific sites within the body (21–26). Notably, micromotors have re-
cently emerged as powerful tools for effective oral drug delivery,
helping to address several limitations of traditional oral drug formu-
lations such as poor drug absorption, short retention, and low bio-
availability (27, 28). However, the extended operation of
micromotors in the highly acidic gastric environment is still chal-
lenging and requires the development of innovative solutions (29).

Although several studies have aimed at integrating self-actuating
mechanical devices in millimeter-sized robotic pills for application
in the harsh conditions of the gastrointestinal (GI) tract (30–32),
effective and long-term operation of micromotors in an extremely
acidic medium (pH < 3) remains highly challenging owing to its
ability to corrode or degrade various types of micromotor plat-
forms. There are only few reports on the influence of extremely

acidic conditions on the movement of micromotors. For example,
coating magnetically powered microswimmers with Al2O3 films
was reported to enhance their propulsion in acidic conditions
(33). Al/Pd spherical micromotors were shown to operate in a
wide range of pH conditions (34). Last, the self-propulsion of
zinc microrockets and magnesium-based Janus micromotors in
the gastric environment has led to enhanced therapeutic GI delivery
(35, 36). Although synthetic micromotors have demonstrated utility
for GI applications, their short lifetimes in acidic conditions limit
their practical use to only short segments within the GI tract. Pro-
longed operation in the gastric and intestinal fluid can endow mi-
cromotors with the ability to actively drive therapeutic payloads to
widely distributed areas over the entire GI tract and enhance the
dispersion and retention of drugs for treating diseases and disor-
ders. It is clear that realizing efficient and prolonged micromotor
operation in a highly acidic medium remains an important unmet
need, particularly for biomedical applications in the gastric
environment.

In this work, we demonstrate an extremophile-based biohybrid
micromotor capable of continuous and prolonged operation in ex-
tremely low pH environments. Many extremophiles, capable of sur-
viving under extreme physical or chemical conditions, are found in
some of the harshest environments on earth (37). Among them, ac-
idophilic microalgae have been shown to support the ecosystems of
extremely acidic environments scattered around the globe associat-
ed with sulfur springs, volcanic vents, and acid mine drainages (38).
These acidophilic algae evolved from their respective neutrophilic
ancestors to thrive at low pH by reducing their proton influx and
increasing their proton pump efficiency (39, 40). Here, we demon-
strated the efficient and prolonged motion behavior of acidophilic
algae in strong hydrochloric acid down to pH 1 and their tremen-
dous potential for microrobotic GI delivery applications. Specifi-
cally, we relied on Chlamydomonas pitschmannii, an acidophilic
alga isolated from an acid mine drainage (41). C. pitschmannii dis-
played a negligible change in speed over an extremely broad pH
range, from pH 1 to 10, compared to the neutrophilic alga Chlamy-
domonas reinhardtii, which was incapable of swimming in acidic
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Fig. 1. Schematics of acidophilic algae micromotors for various biomedical applications. (A) Acidophilic algae motors are capable of prolonged motion in both
neutral and acidic environments, whereas neutrophilic algae are incapable of operating in highly acidic environments. (B) The relative speed of acidophilic algae and
neutrophilic algae over a range of pH values compared to their speed in optimal culture conditions (modified acidic medium at pH 3.5 for acidophilic algae; tris-acetate-
phosphate at pH 7 for neutrophilic algae). (C) Two-dimensional motion trajectories of acidophilic algaemotors over a period of 1 s before and 72 hours after swimming in
HCl at pH 1.5. (D) Acidophilic algae motors can operate throughout the entire GI tract for in vivo delivery applications. (E) Representative biodistribution of acidophilic
algae motors in the GI tract at 2 hours after administration by oral gavage. (F) One-second motion trajectory of acidophilic algae-based biohybrid motors carrying dye-
labeled nanoparticles in HCl at pH ~ 1.5. Scale bar, 10 μm. (G) Representative pseudo-colored scanning electronmicroscopy (SEM) image of a nanoparticle-functionalized
acidophilic algae motor. Scale bar, 1 μm.
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medium (pH < 4) and rapidly degraded (Fig. 1, A and B). Notably,
the movement of C. pitschmannii in the acidic medium was main-
tained over an extended period of at least 72 hours (Fig. 1C, fig. S1,
and movie S1). We further evaluated the performance of the acido-
philic biomotors in gastric fluid (pH 1.5) and intestinal fluid (pH
6.5) and tracked their in vivo biodistribution to establish their po-
tential for biomedical applications involving GI tract delivery
(Fig. 1, D and E). Multifunctional biohybrid algae motors were fab-
ricated by decorating the acidophilic algae with polymeric nanopar-
ticles, which were loaded with a green fluorescent dye for
visualization purposes (Fig. 1F). The binding between nanoparticles
and C. pitschmannii algae was clearly observed by electron micros-
copy (Fig. 1G). Last, by tuning the surface properties of the cargo,
selective targeting to the stomach or broad GI tract delivery could be
achieved. The effective and long-term movement of cargo-loaded
acidophilic algae motors over a wide range of pH conditions, in-
cluding harsh acidic media, along with their strong retention in
the GI tract, suggests that the platform holds considerable
promise for future biomedical applications in the GI tract.
Further work on extremophile-basedmultifunctional biohybridmi-
cromotors could lead to the development of microrobotic plat-
forms capable of excelling in a variety of harsh environments.

RESULTS
Motion behavior of acidophilic algae
C. pitschmannii CPCC 354 was selected as a model acidophilic algae
strain, and its swimming behavior was characterized in extremely
acidic conditions. To evaluate their movement, the algae were cul-
tured in a modified acidic medium (MAM) (42) (pH 3.5) to a
density of 1 × 106/ml, followed by transfer to hydrochloric acid
for speed measurement. The algae exhibited constant swimming
with a speed of 95 to 105 μm/s (corresponding to ~10 body
length/s) in an extremely acidic environment at pH 1.5 (Fig. 2A,
fig. S2, and movie S2). Their movement was also tracked over a 5-
s period under the same condition to visualize a representative tra-
jectory (Fig. 2B and movie S3). When investigating the tolerance
range of the algae to extreme acid, we found that they displayed a
notable decrease in speed and loss of activity after 1 hour of motion
at pH 1 (Fig. 2C, fig. S3, and movie S4). Furthermore, the effect of
the anion was evaluated by immersing the algae in different
common strong acids (HCl, H2SO4, and HNO3) adjusted to pH
1.5 (Fig. 2D, fig. S4, and movie S5). The detrimental effect of
nitric acid on the algae motion could be explained by its strong ox-
idizing capacity compared to the other two acids.

We observed that the acidophilic algae could not only resist
extreme acidic conditions (pH < 3) but also able to survive in
neutral and alkaline environments (Fig. 2E and fig. S5). After 30
min of adaptation, the acidophilic algae displayed efficient move-
ment across a broad pH range from 1 to 10 (Fig. 2F, fig. S6, and
movie S6). In comparison, amodel neutrophilic algaeC. reinhardtii,
which have been commonly used as microorganism-based micro-
motors for various environmental and biomedical applications (17,
20, 26, 43), were unable to tolerate extreme acidic pH and could
swim only over a narrow pH range between 5 and 8 (Fig. 2F, fig.
S7, and movie S7). The contrast between the two types of algae
was further highlighted by visualizing their trajectories at pH 1.5,
4, and 7 after various periods of time (Fig. 2, G and H, and
movies S8 and S9). Only slight speed differences were observed

for the acidophilic algae at all pH values after 24 hours, whereas
the motility of neutrophilic algae rapidly diminished at pH 1.5
and 4.

Biodistribution and retention of acidophilic algae in the
GI tract
The oral route of administration is the most common approach for
drug delivery to treat GI disease (44). A major challenge of GI de-
livery is overcoming the physiological barrier caused by the extreme
acidity within the stomach. To investigate the potential of acidophil-
ic algae biomotors for improved GI delivery, we first tested their
motion ability and viability in vitro in simulated gastric (pH ~
1.5) and intestinal (pH ~ 6.5) fluids (fig. S8). They exhibited
good adaptation in both physiological fluids, and their self-propul-
sion (~100 μm/s) was unaffected after 8 hours of constant move-
ment, indicating great promise for in vivo GI operation. In
comparison, the neutrophilic algae lost their motion ability
rapidly upon transfer from the culture medium to gastric fluid at
room temperature (fig. S9, A and B). We also observed for any
changes in morphology using electron microscopy after incubation
in strong gastric acid. The acidophilic algae displayed an intact
structure after 2 hours of motion, whereas the neutrophilic algae
were structurally damaged after the same period of time (fig. S9,
C and D). To further mimic the physiological conditions in the
stomach (45), we assessed the speed and lifetime of acidophilic
algae in simulated gastric fluid containing pepsin (1 mg/ml) at
body temperature (37°C) and found that the algae maintained
speeds of 65 and 35 μm/s after 1 and 2 hours of incubation, respec-
tively (fig. S10). These results supported the potential of the acido-
philic algae for active transport throughout the GI tract, whereas the
regular neutrophilic algae would be unable to traverse the harsh
acidic medium in the stomach.

Next, we demonstrated the distinct advantages of acidophilic
algae biomotors for GI delivery by examining their biodistribution
and retention after oral administration using a murine model. Ex
vivo fluorescence imaging was conducted to determine the influ-
ence of acid tolerance on algae localization within the GI tract
(Fig. 3, A to C). To visualize and track the algae, their surfaces
were covalently bound with the near-infrared fluorescent dye
Cyanine7 (Cy7) (λex/λem = 750 nm/773 nm) (46), which did not
hinder their motion behavior in GI fluid (fig. S11). Before oral
gavage, we confirmed that the dye-conjugated acidophilic algae,
neutrophilic algae, and alkaline-treated static acidophilic algae
were similar in number and fluorescence intensity (fig. S12). At
various time points (0.5, 2, 5, 10, and 24 hours) after oral adminis-
tration, the mice were euthanized, and their GI tracts were isolated
to visualize the location of algae. As shown in Fig. 3A, the acidophil-
ic algae displayed a strong signal throughout the entire GI tract,
showing sustained retention in the stomach and wide distribution
in the lower GI tract within the first 5 hours. In comparison, the
signals from the neutrophilic algae (Fig. 3B) and the static acido-
philic algae (Fig. 3C) diminished rapidly within 2 hours after ad-
ministration. These results emphasized the importance of the acid
tolerance and self-propulsion properties of acidophilic algae, which
enabled efficient operation in the stomach and effective distribution
in the lower GI tract. The visual observations were further corrob-
orated by quantifying the total radiant efficiency in the stomach
(Fig. 3D) or in the small intestine and colon (Fig. 3E) at different
time points.
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Biosafety of acidophilic algae in GI
To assess the safety of the acidophilic algae, we evaluated their tox-
icity profile both systemically and locally in the lower GI tract. A
treatment dosage of 1 × 107 acidophilic algae was orally adminis-
tered to mice, while untreated mice served as controls. A compre-
hensive blood chemistry panel and blood cell count were conducted
24 hours afterward (Fig. 4, A and B). There was no statistical differ-
ence between the untreated control and the algae treatment group in
any of the 14 blood parameters and blood cell populations that were
analyzed. Hematoxylin and eosin (H&E)–stained histological sec-
tions showed that the stomach and intestinal mucosa or submucosa
maintained their integrity without any lymphocyte infiltration or
signs of inflammation (Fig. 4C). Last, histological analysis of the

major organs, including the heart, liver, spleen, lungs, and
kidneys, was performed (Fig. 4D). The appearance of all the
organs was normal compared to healthy mice. Further studies
will be required to comprehensively evaluate the impact of algae ad-
ministration on other immune parameters, both local and systemic,
across multiple time scales.

Stomach delivery with acidophilic algae motors
Upon confirming the biodistribution and safety of acidophilic algae
for GI administration, we evaluated the feasibility of leveraging
them for cargo delivery. Poly(lactic-co-glycolic acid) (PLGA) nano-
particles were chosen as the model payload because they are attrac-
tive for therapeutic delivery applications with properties such as

Fig. 2. Motion behavior of acidophilic algae biomotors in extremely acidic conditions. (A) Speed of acidophilic algae biomotors at different time points (0, 1, 2, 4, 8,
and 24 hours) in HCl at pH 1.5. (B) The representative trajectory of an acidophilic alga biomotor over a period of 5 s in HCl at pH 1.5. Scale bar, 100 μm. (C) Swimming speed
of algae biomotors upon 1 hour of exposure to HCl at pH 1, 1.5, and 2 (n = 100; means + SD). (D) Swimming speed of acidophilic algae biomotors in different acidic
mediums (HCl, H2SO4, and HNO3) at pH 1.5 (n = 100; means + SD). (E) Viability of acidophilic algae in different media at pH values from 1 to 11 (n = 3; means + SD). (F)
Speed comparison of acidophilic algae with neutrophilic algae at pH between 0 and 11 (n = 100; means ± SD). Speed was measured from 100 individual algae. (G and H)
Representative trajectories over a period of 2 s for acidophilic algae (G) and neutrophilic algae (H) after various durations (0, 4, and 24 hours) of exposure to HCl at pH 1.5, 4,
and 7. Scale bars, 50 μm.
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controlled and sustained drug release, high drug loading yield, and
low toxicity (47). To fabricate the acidophilic algae biohybrid
motors, positively charged poly-L-lysine (PLL)–coated PLGA nano-
particles (denoted as “PLLNP”) were attached to the negatively
charged acidophilic algae surface via electrostatic interaction, thus
generating PLLNP-loaded acidophilic algae biohybrid motors
(denoted as “acido-algae-PLLNP”) (Fig. 5A). The surface coating
on the PLGA core was first optimized by tuning the incubation
time between the nanoparticles and the PLL polyelectrolyte to
yield PLLNP with a strong positive surface charge (fig. S13). The
determination of zeta potential at different pH values is important
for complexing two materials based on electrostatic interactions
(48). To this end, the surface charge of bare acidophilic algae and
PLLNP was evaluated at pH values ranging from 1 to 11 (fig.
S14). It was found that the PLL coating could promote the effective
binding of PLGA nanoparticles to algae at neutral pH, which was
visualized by fluorescencemicroscopy (Fig. 5B). The algaewere uni-
formly surrounded by 3,3′-dioctadecyloxacarbocyanine perchlorate

(DiO; λex/λem = 484/501 nm)–loaded PLLNP. A pseudo-colored
scanning electron microscopy (SEM) image illustrated the attach-
ment of the nanoparticles onto the algae cell surface (Fig. 5C).
The motion behavior of the acido-algae-PLLNP was characterized
by measuring their speed under extreme acidic conditions at pH 1.5
(Fig. 5D). The decreased speed of the acido-algae-PLLNP (~50 μm/
s) compared to bare acidophilic algae (~100 μm/s) could be attrib-
uted to the influence of the positively charged cargo on the flagella,
as indicated by inconsistent (zigzag trajectory) movement patterns
(Fig. 5E and movie S10).

Next, we evaluated the gastric cargo delivery ability of the acido-
algae-PLLNP biohybrid motors. A near-infrared dye, 1,1′-diocta-
decyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR; λex/
λem = 748/780 nm), was encapsulated into PLLNP as a model
payload. Before the animal studies, an in vitro study was conducted
to assess the stability of cargo loading on the biohybrid motors (fig.
S15). In the acido-algae-PLLNP formulation, released dye or
unbound nanoparticles were hardly detected even after 24 hours

Fig. 3. Biodistribution of acidophilic algae biomotors in the GI tract. (A to C) Mice were orally gavaged with Cy7-labeled acidophilic algae (A), Cy7-labeled neutro-
philic algae (B), or Cy7-labeled static acidophilic algae (C), and distribution in the GI tract was visualized over time. (D and E) Measurement of the fluorescence intensity in
the stomach (D) or small intestine and colon (E) at different time points (0.5, 2, 5, 10, and 24 hours) after oral gavage (n = 3; means + SD).
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of incubation in HCl (pH 2) or simulated gastric fluid (pH 1.5), in-
dicating highly stable cargo binding to the algae via electrostatic in-
teractions, hydrogen bonding between PLL and the diverse
functional groups present on the algae surface, and physical entrap-
ment of nanoparticles by the highly porous structure of the algae
cell wall. Then, acido-algae-PLLNP and PLLNP control (without
algae) were orally administered to mice to study their biodistribu-
tion and retention. After 2, 5, and 10 hours, the mice were eutha-
nized, and their GI tracts were isolated for ex vivo imaging (Fig. 5F).

Both acido-algae-PLLNP and PLLNP were mainly located in the
stomach, which is attributed to the mucoadhesive property of the
positively charged PLLNP (44). However, the motion of the biohy-
brid motors enabled a higher chance of contact between the nano-
particles and the luminal lining, facilitating efficient cargo retention
in the stomach. This accumulation can be used to improve drug de-
livery and enhance tissue penetration, as was demonstrated previ-
ously using micromotors for oral vaccine delivery (49).
Quantification of the fluorescence intensity within the stomach

Fig. 4. In vivo safety evaluation of acidophilic algae. (A) Comprehensive blood chemistry panel for untreated mice or mice at 24 hours after treatment with acidophilic
algae micromotors (n = 3; means + SD). ALB, albumin; ALP, alkaline phosphatase; ALT, alanine transaminase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen;
Ca, calcium; PHOS, phosphorus; CRE, creatinine; GLU, glucose; Na+, sodium; K+, potassium; TP, total protein; GLOB, globulin (calculated). (B) Counts for various blood cells
taken from untreated mice or mice at 24 hours after treatment with acidophilic algae micromotors (n = 3; means + SD). WBC, white blood cells; RBC, red blood cells; PLT,
platelets. (C) Representative H&E-stained histology sections of different portions of the GI tract from untreated mice or mice 24 hours after treatment with acidophilic
algae micromotors. Scale bars, 100 μm. (D) Representative H&E-stained histology sections of major organs from untreated mice or mice at 24 hours after treatment with
acidophilic algae micromotors. Scale bar, 100 μm.
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supported the greatly improved retention of PLLNP when delivered
by acido-algae-PLLNP biohybrid motors as opposed to in free form
within the first 5 hours after oral gavage (Fig. 5G).

Entire GI delivery with acidophilic algae motors
After confirming effective cargo delivery to the stomach using mu-
coadhesive PLLNP attached to the surface of acidophilic algae
motors, we sought to evaluate whether the acidophilic algae could
be used to transport cargo throughout the entire GI tract given their
effective distribution shown in Fig. 3. Instead of using positively
charged PLLNP, we elected to use PLGA cores with a cell membrane
coating, which endows versatile surface functionality and biomi-
metic properties to nanocarriers (50). Red blood cell (RBC) mem-
brane–coated PLGA nanoparticles (denoted as “RBCNP”) were
prepared on the basis of a previously established protocol (51).
The hydrodynamic size and zeta potential of RBCNP were charac-
terized by dynamic light scattering, indicating the slight increase in
size and negative charge after membrane coating (fig. S16, A and B).

The RBC membrane coating onto the PLGA surface was further
verified by transmission electron microscopy, showing an intact
core-shell structure (fig. S16C). To achieve the loading of RBCNP
onto algae, a bioorthogonal conjugation approach using copper-
free click chemistry was used (Fig. 6A) (52). Briefly, the algae and
RBCNP were separately functionalized with dibenzocyclooctyne–(-
polyethylene glycol)4–N-hydroxysuccinimidyl ester (DBCO-PEG4-
NHS) and azido-PEG4-NHS ester, respectively. The two compo-
nents were then conjugated together by leveraging these newly in-
troduced functional groups. The attachment of RBCNP to
acidophilic algae (denoted as “acido-algae-RBCNP”) was validated
by a pseudo-colored SEM image (Fig. 6B) and fluorescent imaging,
confirming the effective binding between DiO dye–labeled RBCNP
and the algal surface (Fig. 6C). The covalent binding of RBCNP had
minimal effects on the motion behavior (speed and tracking
pattern) of the algae motors (Fig. 6, D and E). After 24 hours of in-
cubation in acidic fluid, 90% of the fluorescence intensity of DiR-
loaded RBCNP onto the algae surface was preserved, indicating the

Fig. 5. Acido-algae-PLLNP biohybrid motors for stomach delivery. (A) Loading of PLLNP onto acidophilic algae motors by electrostatic interaction. (B) Fluorescence
microscopy images of acido-algae-PLLNP biohybrid motors. Red, acidophilic algae (chloroplast autofluorescence); green, PLLNP (DiO). Scale bar, 20 μm. (C) Pseudo-
colored SEM images of an acido-algae-PLLNP biohybrid motor. Scale bar, 1 μm. (D) Speed comparison of acido-algae-PLLNP and bare acidophilic algae (denoted as
“acido-algae” in the figure) at pH 1.5 (n = 20; means + SD). (E) Representative trajectories of the acido-algae-PLLNP biohybrid motor over a period of 3 s in HCl at pH
1.5. Scale bar, 10 μm. (F) Ex vivo imaging of the GI tract at 2, 5, and 10 hours after oral administration of acido-algae-PLLNP (i) or PLLNP (ii). (G) Fluorescence intensity of the
DiR dye delivered by acido-algae-PLLNP or PLLNP in the stomach at 2, 5, and 10 hours after oral gavage (n = 3; means + SD). a.u., arbitrary units.
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high binding stability between acidophilic algae and RBCNP in a
harsh acidic environment (fig. S17).

Next, we evaluated the feasibility of using acido-algae-RBCNP
biohybrid motors for delivery throughout the GI tract. DiR was
loaded into RBCNP as a model payload to track nanoparticle local-
ization at different GI sites in vivo. At 2, 5, and 10 hours after oral
administration of acido-algae-RBCNP and free RBCNP (without
algae) with a similar amount of DiR loading, the GI tract was
excised for ex vivo fluorescence imaging (Fig. 6F). Because of
their acid tolerance and movement capabilities, the acido-algae-
RBCNP motors were able to transport the RBCNP to the entire
GI tract as opposed to only the stomach. The fluorescent signals
from the active biohybrid motor group were more substantial in
both the stomach and the small intestine at 2 hours and remained

stronger at 5 and 10 hours when compared with the free RBCNP
group. Note that the 10-hour cargo retention facilitated by the bio-
hybrid motors was much longer than the gastric emptying time of a
fluidmeal (53). A similar trend of improved GI payload retention by
acido-algae-RBCNP was confirmed when quantifying the fluores-
cent signals, with 2-fold and 1.5-fold enhancement at 2 and
5 hours after oral gavage, respectively (Fig. 6G). These results con-
firmed that controlling the surface properties of the nanoparticle
payload could selectively position the biohybrid motors in different
regions of the GI tract.

Fig. 6. Acido-algae-RBCNP biohybrid motors for entire GI tract delivery. (A) Loading of RBCNP onto acidophilic algae motors via click chemistry. (B) Pseudo-colored
SEM image of an acido-algae-RBCNP biohybrid motor. Scale bar, 1 μm. (C) Representative fluorescence microscopy images of an acido-algae-RBCNP biohybrid motor.
Red, acidophilic algae (chloroplast autofluorescence); green, RBCNP (DiO). Scale bar, 10 μm. (D) Speed comparison of acido-algae-RBCNP and bare acidophilic algae
(denoted as “acido-algae” in the figure) at pH 1.5 (n = 20; means + SD). (E) Representative trajectories of acido-algae-RBCNP biohybrid motor over a period of 3 s in
HCl at pH 1.5. Scale bar, 50 μm. (F) Ex vivo imaging of the GI tract at 2, 5, and 10 hours after oral administration of acido-algae-RBCNP (i) or RBCNP (ii). (G) Fluorescence
intensity of the DiR dye delivered by acido-algae-RBCNP or RBCNP in the entire GI at 2, 5, and 10 hours after oral gavage (n = 3; means + SD).
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DISCUSSION
In summary, we have reported on the first extremophile-based algae
biohybrid motor for application in harsh conditions such as acidic
biological fluid. Acidophilic C. pitschmannii algae were chosen
based on the basis of their ability to effectively swim in highly
acidic conditions. The unique adaptability and long-lasting self-
propulsion of the acidophilic algae over a wide pH range (1.5 to
10) provided the natural micromotor essential flexibility for effi-
cient performance in both gastric and intestinal fluid. In a murine
model, oral administration of the acidophilic algae resulted in im-
proved GI distribution and retention compared to neutrophilic
algae and static acidophilic algae controls. By functionalizing the
algae with cargo-loaded PLGA nanoparticles via different conjuga-
tion approaches, the resulting multifunctional biohybrid micromo-
tors were able to facilitate cargo delivery to the stomach or the entire
GI tract in vivo. Once inside the GI tract, the PLGA nanoparticles
provide controlled and sustained drug release through the hydrolyt-
ic cleavage of their polyester backbones (54). While the current
surface attachment strategies were effective for loading drug onto
the algae motors, other approaches such as the incorporation of
small-molecule drugs inside the algae could be explored (55). In ad-
dition, various drug payloads, including chemotherapeutics and bi-
ologics, could be incorporated to improve their therapeutic activity
for local GI diseases (56). Long-term biosafety monitoring needs to
be performed before the clinical studies of the biohybrid motors to
verify their lack of immunogenicity and toxicity. Looking forward,
we envision the decoration of the acidophilic algae with multiple
functional units, including therapeutics, contrast agents, targeting
moieties, and magnetic particles to create multifunctional microro-
botic platforms with accurate maneuverability for targeted GI drug
delivery. Overall, extremophile-based biohybrids offer considerable
promise and open the door for diverse applications in harsh and
inhospitable environments that are unsuitable for traditional
microrobots.

MATERIALS AND METHODS
Algae culture
The acidophilic algae C. pitschmannii (strain CPCC-354 wild-type)
were obtained from the Canadian Phycological Culture Centre
(CPCC). The algae were transferred from their original medium
to MAM (CPCC) and cultivated at room temperature under
cycles of 12-hour sunlight and 12-hour darkness. The neutrophilic
algae C. reinhardtii (strain CC-125 wild-type mt+) were obtained
from the Chlamydomonas Resource Center. The algae were trans-
ferred from the agar plate to tris-acetate-phosphate medium
(Thermo Fisher Scientific) and cultured under the same conditions.

Preparation of dye-conjugated acidophilic algae
Acidophilic algae were transferred from the culture medium to 1×
phosphate-buffered saline (PBS; Thermo Fisher Scientific) followed
by three washes. Next, NHS-Cy7 (10 μg/ml; Lumiprobe) was incu-
bated with the algae at 1 × 107/ml for 1 hour at room temperature.
After dye conjugation, the modified algae were washed with ultra-
pure water for the removal of the unreacted dye and resuspended in
ultrapure water for further use. Static acidophilic algae were pre-
pared through the dropwise addition of 1 M acetic acid (Sigma-
Aldrich) to active acidophilic algae. After 20 s, the pH value of

the mixture was quickly neutralized to 7 by the addition of 1 M
sodium hydroxide (Sigma-Aldrich), and the algae were transferred
into PBS. Then, the Cy7 dye conjugation was performed following a
similar method as above. Neutrophilic algae were suspended in 10
mM Hepes (Thermo Fisher Scientific) to complete the Cy7
conjugation.

Synthesis of fluorescent dye–loaded polymeric
nanoparticles
The synthesis of polymeric nanoparticles was based on a previously
reported nanoprecipitation method (51). Briefly, carboxyl-termi-
nated 50:50 PLGA (0.67 dl/g; LACTEL Absorbable Polymers) at
20 mg/ml in 1 ml of acetone was added into 1 ml of 10 mM tris
buffer. To fluorescently label the nanoparticles, 0.1 weight % (wt
%) of DiO (λex/λem = 484 nm/501 nm; Thermo Fisher Scientific)
was encapsulated into the PLGA cores. After nanoprecipitation,
the organic solvent was evaporated under a vacuum for 1 hour.
Near-infrared dye-loaded polymeric nanoparticles for in vivo
studies were prepared following a similar method by replacing
DiO with DiR (λex/λem = 748 nm/780 nm; Thermo Fisher
Scientific).

Preparation of PLLNP
To prepare the PLGA nanoparticles coated with PLL (Sigma-
Aldrich), preformed PLGA nanoparticles (10 mg/ml) in ultrapure
water were added dropwise into 1 ml of 0.05% (w/v) PLL under 700
rpm of stirring for 2 hours. Next, five washes were used to remove
any free polyelectrolyte, and the PLLNP were resuspended in ultra-
pure water for further use. To characterize the size and zeta poten-
tial of the PLGA cores and PLLNP, the samples were tested using a
Zetasizer MAL 1267090 (Malvern Panalytical).

Preparation of RBCNP
RBCNP were prepared by a cell membrane cloaking technique (50,
51). The RBCmembranewasmixed with PLGA cores at a 1:1 weight
ratio of membrane protein to PLGA polymer. The mixture was then
sonicated using a Thermo Fisher Scientific FS30D ultrasonic bath
sonicator for 3 min. The RBCNP were isolated by centrifugation
for 5 min at 16,100g and washed three times with ultrapure water.
To characterize the size and surface zeta potential of RBCNP, the
samples were tested using a Zetasizer MAL 1267090. To character-
ize the morphology, the samples were deposited onto a carbon-
coated 400-mesh copper grid and stained with 1 wt % of uranyl
acetate (Electron Microscopy Sciences), followed by imaging on a
JEOL 1200 EX II transmission electron microscope.

Preparation of acido-algae-PLLNP biohybrid motors
To attach PLLNP, 1 × 107 acidophilic algae were first isolated from
MAM and resuspended in ultrapure water. Then, the PLLNP were
mixed with algae for 30 min. After nanoparticle attachment, the re-
sulting acido-algae-PLLNP biohybrid motors were washed three
times and resuspended in ultrapure water.

Preparation of acido-algae-RBCNP biohybrid motors
To conjugate RBCNP onto algae, the acidophilic algae and RBCNP
were linked using click chemistry. First, 1 × 107 algae were treated
with 20 μM DBCO-PEG4-NHS (Click Chemistry Tools) for 1 hour
at room temperature. The RBCNP were incubated with 20 μM
azido-PEG4-NHS (Click Chemistry Tools) for 1 hour at room
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temperature. Both the algae and RBCNP were centrifuged and
washed three times with ultrapure water to remove the unreacted
NHS esters. Then, the modified algae and RBCNP were mixed
and vortexed for 4 hours to complete the click chemistry reaction.
After conjugation, the resulting acido-algae-RBCNP biohybrid
motors were separated by centrifugation at 800g for 3 min, followed
by three washes.

Binding stability of acido-algae-PLLNP and acido-algae-
RBCNP in acidic conditions
To test the binding stability between PLLNP and acidophilic algae
after the formation of biohybrid motors, the acido-algae-PLLNP
with DiR loading were incubated with two acidic conditions (sim-
ulated gastric fluid and HCl at pH 2) for 24 hours. The detached
PLLNP in the supernatant was removed by centrifugation at 800g
for 3 min. Before and after incubation, the fluorescence intensity
of PLLNP with DiR loading on the algae surface was measured
using a plate reader. The binding stability of acido-algae-RBCNP
was evaluated following the same method.

Motion analysis
The speed of acidophilic algae, neutrophilic algae, fluorescein-con-
jugated algae motors, acido-algae-PLLNP biohybrid motors, and
acido-algae-RBCNP biohybrid motors was analyzed in different
media: MAM (pH ~ 3.5), simulated gastric fluid (pH ~ 1.5;
RICCA Chemical), simulated intestinal fluid (pH ~ 6.5; RICCA
Chemical), 1× PBS (pH ~ 7.4), ultrapure water, pH-adjusted
aqueous solutions (pH from 0 to 11), sulfuric acid (pH ~ 1.5;
Sigma-Aldrich), and nitric acid (pH ~ 1.5; Thermo Fisher Scien-
tific). The motion of the acidophilic algae motors was also observed
in HCl solution (pH ~ 1.5; Sigma-Aldrich) at 0, 1, 4, 8, 24, and
72 hours at room temperature (22°C). Movies were captured by a
Nikon Eclipse Ti-S/L100 inverted optical bright-field microscope
coupled with 10× or 20× objectives and a Hamamatsu digital
camera C11440 or by a Sony RX100 V camera on an Invitrogen
EVOS FL fluorescence microscope with 20× or 40× objectives. An
NIS Element tracking module was used to measure the speed of the
motors in different media. To mimic the conditions in the stomach
of mice, simulated gastric fluid containing pepsin (1 mg/ml; Sigma-
Aldrich) was used to test the influence of enzymes on the motility of
acidophilic algae. Speed was measured after incubation for 0, 1, 2, 4,
and 8 hours at body temperature (37°C).

Viability of acidophilic algae motors
To evaluate the viability of acidophilic algae in solutions with dif-
ferent pH, algae were transferred from MAM to aqueous solutions
with pH from 0 to 11 and incubated for 2 hours at room tempera-
ture (22°C). After incubation, algae motors were resuspended into 5
μM SYTOX green fluorescent probe (Thermo Fisher Scientific) for
1 hour at room temperature (22°C). The viability of the algae was
determined by counting the live/dead ratio using an Invitrogen
EVOS FL fluorescence microscope.

Characterization of acido-algae-PLLNP and acido-algae-
RBCNP biohybrid motors
To visualize nanoparticle binding on the surface of the algae, PLGA
cores were loaded beforehand with the fluorescent dye DiO. An In-
vitrogen EVOS FL microscope was used to capture the autofluores-
cence of algae chloroplasts in the Cy5 channel and DiO-

encapsulated nanoparticles in the GFP channel. To further
confirm the morphology of the acido-algae-PLLNP and acido-
algae-RBCNP biohybrid motors, SEM imaging was performed.
Briefly, the biohybrid motors were fixed with a 2.5% glutaraldehyde
solution (Sigma-Aldrich) overnight at 4°C, followed by washing in
ultrapure water. The samples were then sputtered with palladium
for imaging on a Zeiss Sigma 500 SEM instrument with an acceler-
ating voltage of 3 kV.

Animal care
Mice were housed in an animal facility at the University of Califor-
nia San Diego (UCSD) under federal, state, local, and National In-
stitutes of Health (NIH) guidelines. Mice were maintained in
standard housing with cycles of 12-hour light and 12-hour dark,
ambient temperature, and normal humidity. All animal experi-
ments were performed in accordance with NIH guidelines and ap-
proved by the Institutional Animal Care and Use Committee
of UCSD.

Ex vivo GI tract imaging and retention quantification
To study GI tract distribution and retention, 8-week-old male CD-1
mice (Charles River Laboratories) were orally administered with
Cy7-conjugated acidophilic algae, Cy7-conjugated static acidophilic
algae, or Cy7-conjugated neutrophilic algae in 500 μl of PBS at a
concentration of 1 × 107/ml. At the predetermined time points
(0.5, 2, 5, 10, and 24 hours), the mice were euthanized, and their
GI tracts were excised for analysis. To evaluate the performance
of the biohybrid motors in vivo, the mice were orally administered
with acido-algae-PLLNP, PLLNP, acido-algae-RBCNP, or RBCNP.
At predetermined time points (2, 5, and 10 hours), the mice were
euthanized, and their GI tracts were excised for analysis. Fluorescent
ex vivo GI images were obtained with the Xenogen IVIS 200 system.

In vivo safety studies
Eight-week-old male CD-1 mice were euthanized at 24 hours after
oral administration of algae motors in 500 μl of PBS at a concentra-
tion of 1 × 107/ml. For the comprehensive chemistry panel, aliquots
of blood were allowed to coagulate, and the serum was collected by
centrifugation. To obtain blood cell counts, whole blood was col-
lected into potassium EDTA collection tubes (Sarstedt). Analyses
were conducted by the UCSD Animal Care Program Diagnostic
Services Laboratory. To perform the histological analysis, different
portions of the GI tract and major organs were sectioned and
stained with H&E (Leica Biosystems), followed by imaging using
a Hamamatsu Nanozoomer 2.0-HT slide scanning system.

Supplementary Materials
This PDF file includes:
Figs. S1 to S17

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S10
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