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ABSTRACT: Idiopathic  pulmonary  fibrosis  (IPF)  is  a  chronic
and  progressive  pulmonary  disorder  characterized  by  fibrotic
scarring,  hypoxemia,  and  dyspnea.  Although  oxygen  therapy
is  widely  used  to  relieve  acute  dyspnea,  it  faces  limitations
such  as  oxygen  toxicity  and  patient  immobility.  To  address
these  challenges,  this  study  developed  upconversion-based
microrobots  capable  of  mitigating  IPF  through  in  situ  oxygen
generation.  These  microrobots  consist  of  Chlamydomonas
reinhardtii  algae  functionalized  with  upconversion
nanoparticles.  Upon  inhalation  and  exposure  to  near-infrared
light, the microrobots convert the incident light into red visible
light,  driving  photosynthetic  oxygen  production  at  a  rate  of
0.298  ±  0.005  mg·(L·min)−1.  Moreover,  their  autonomous
mobility  within  the  mucus  enhances  the  uniformity  of  oxygen
distribution  and  prolongs  retention  by  evading  pulmonary
macrophage clearance. In a murine model of IPF, the microrobots effectively alleviated hypoxia, as evidenced by reduced
hypoxia-inducible  factor  1-alpha  (HIF-1α)  expression  in  fibrotic  lung  tissues  and  elevated  blood  oxygen  saturation.  This
platform presents an efficient and promising strategy for oxygen therapy in IPF and broader pulmonary oxygen-dependent
applications.
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 1    Introduction
Idiopathic  pulmonary  fibrosis  (IPF)  is  a  chronic,  progressive,  and
irreversible  fibrotic  interstitial  lung  disease  of  unknown  etiology
[1, 2].  The  median  survival  time  for  most  patients  is  typically
3–5  years  [3, 4].  As  the  disease  progresses,  significant  decline  in

lung function and severe hypoxemia can lead to persistent dyspnea
[5, 6]. Even at rest, the patients may experience severe shortness of
breath  and  be  unable  to  engage  in  physical  activity.  Currently,
Pirfenidone and Nintedanib are the only two U. S. Food and Drug
Administration  (FDA)-approved  antifibrotic  drugs  for  the  IPF
treatment  [7, 8].  However,  clinical  evidence  suggests  that  these
medications  only  slow  disease  progression  and  do  not  provide
immediate  relief  from  acute  dyspnea  [9, 10].  For  patients
experiencing dyspnea, symptomatic management typically involves
a  combination  of  oxygen  therapy,  pulmonary  rehabilitation,  and
anti-inflammatory treatments  [11].  Studies  indicate  that  long-term
high-concentration  oxygen  therapy  via  ventilators  may  cause
oxygen  toxicity  and  induce  lung  injury  [12],  and  oxygen  therapy
requires  patients  to  continuously  wear  oxygen  equipment  [13],
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which limits daily activities and quality of life. Therefore, there is an
urgent need to develop safer and more convenient oxygen delivery
methods.

To  address  these  challenges,  researchers  have  investigated  a
range of novel oxygen delivery strategies, such as hyperbaric oxygen
therapy  (HBOT)  [14],  oxygen-carrying  nanomaterials  [15],
perfluorocarbon-based  oxygen  carriers  [16, 17],  biomimetic  red
blood cell oxygen carriers [18, 19], and nanozyme-catalyzed oxygen
generation  [20].  However,  these  approaches  still  face  significant
challenges  concerning  biosafety,  oxygen  delivery  efficiency,  and
distribution uniformity [21, 22]. Consequently, the development of
safer and more efficient oxygen delivery systems has emerged as a
critical  research  priority.  In  nature,  microalgae,  capable  of  oxygen
production  via  photosynthesis,  are  regarded  as  one  of  the  planet's
most vital "oxygen factories" [23], and exhibit good biocompatibility
[24].  For  instance,  an  oxygen-generating  device  incorporating
Chlorella  within  a  hydrogel  matrix  has  been  demonstrated  to
produce 151 mL of oxygen continuously for over 60 days [25]. In a
representative  application,  Chlorella  encapsulated  by  erythrocyte
membranes was delivered to tumor tissue. The subsequent red light-
induced in  situ oxygen  generation  significantly  alleviated
intratumoral  hypoxia,  leading  to  a  marked  enhancement  of
radiotherapy  efficacy  [26].  However,  these  non-motile  microalgae
mainly depend on passive diffusion for oxygen delivery, which may
restrict  oxygen  transport  and  distribution  in  the  structurally
complex  pulmonary  environment.  Therefore,  microalgae  with
intrinsic motility may offer advantages for improving local  oxygen
dispersion in lung tissue. Otherwise, lasers with wavelengths below
585 nm exhibit limited tissue penetration, typically reaching depths
of  only  2–4  mm  beneath  the  epidermis,  which  is  insufficient  for
accessing  most  subcutaneous  targets.  Consequently,  longer-
wavelength  irradiation  is  essential  for in  vivo applications  such  as
drug  delivery  [27].  Although the  980  nm laser  has  excellent  tissue

penetration,  it  cannot  be  used  directly  for  photosynthesis.
Upconversion  nanoparticles  (UCNPs),  which  possess  the  unique
capability  of  converting  long-wavelength  light  into  shorter-
wavelength  visible  light,  can  bridge  this  gap.  For  instance,  upon
980  nm  laser  irradiation,  cyanobacteria  hybridized  with  UCNPs
have  been  shown  to  perform  photosynthesis in  vivo [28, 29].
Therefore, the integration of near-infrared (NIR) light with UCNPs
represents  a  promising  strategy  to  achieve  efficient in  vivo
photosynthesis.

Chlamydomonas  reinhardtii  (C.  reinhardtii) is  a  single-celled
microalgae that produce O2 through photosynthesis [30]. They are
easy  to  culture,  have  advantages  such  as  self-fluorescence,
photochemotaxis.  Most  importantly,  there  are  two  equally  long
flagella at the front of the algae cell, and the flagella-based beat can
propel the algae cells forward at speeds of up to 110 µm·s−1 [31, 32].
At  present, C.  reinhardtii-based  microrobots  have  attracted  wide
attention,  and their  efficient  movement  properties  offer  significant
benefits for the treatment of lung diseases, such as rapid dispersion
and  and  distribution  throughout  the  pulmonary  tract,  prolonged
retention  time,  and  demonstrated  efficacy  against  bacterial
pneumonia  [33, 34].  We  developed  a  bioinspired  microrobotic
platform,  the  Algae-UCNPs-robot,  by  conjugating  amino-
functionalized  UCNPs  (UCNPs-NH2)  onto  the  surface  of C.
reinhardtii.  This  platform  is  designed  to  alleviate  hypoxia  in  the
lungs of mice with idiopathic pulmonary fibrosis through in vivo O2

generation  (Scheme  1).  Under  NIR  laser  irradiation  at  980  nm,
UCNPs  could  effectively  convert  the  incident  laser  into  a  red
(642–681  nm)  emission  band.  The  upconverted  red  luminescence
is  suitable  for  inducing  algae  cells  to  produce  oxygen  through
photosynthesis  [26].  The  experimental  results  showed  that,
compared  to C.  reinhardtii without  UCNPs,  the  O2 production
efficiency of the microalgae robots under NIR light irradiation was
2.4  times  higher.  Additionally,  microalgae  robots,  with  their

 

Scheme 1    (a)  Schematic  diagram of  the preparation process  of  Algae-UCNPs-robot.  (b)  Schematic  diagram of  relieving lung hypoxia in mice with IPF by atomizing
Algae-UCNPs-robot.
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mobility, were able to evade phagocytosis by alveolar macrophages,
prolonging  their  retention  time  in  the  lungs  and  enabling  more
uniform distribution of O2.  This process reduced the expression of
hypoxia-inducible factor 1-alpha (HIF-1α) in hypoxic lung tissue by
approximately  50%.  These  effects  significantly  improved  tissue
oxygenation,  alleviated  hypoxia  in  the  lungs  of  IPF  mice,  slowed
disease  progression,  and  markedly  improved  their  symptoms  of
dyspnea.

 2    Experimental

 2.1    Materials and green algae culture
Azido  (N3)-PEG4-NHS  ester  and  DBCO-PEG4-NHS  ester  were
purchased  from  Aladdin  Biochemical  Technology  Co.,  Ltd
(Shanghai,  China).  SYTOX Green nucleic  acid  dye  was  purchased
from  Thermo  Fisher  Scientific  Ltd  (Waltham,  USA).  Boron-
dipyrromethene-fluorescent-dibenzocyclooctyne  (BDP-FL-DBCO)
was  purchased  from  KKL  Biomedical  Co.,  Ltd  (Beijing,  China).
Mucin  from  porcine  gastrointestinal  tract  and  bleomycin  (BLM)
were  purchased from Yuanye  Bio-Technology Co.,  Ltd  (Shanghai,
China). HIF-1α monoclonal antibody, goat anti-mouse IgG-AF488
antibody,  fluorescein isothiocyanate  (FITC) CD11b+ antibody,  and
PE F4/80+ antibody were purchased from absin Biotechnology Co.,
Ltd  (Shanghai,  China).  Green C.  reinhardtii algae  (strain  CC-125
wild-type  mt+)  were  purchased  from  Freshwater  Algae  Culture
Collection  at  the  Institute  of  Hydrobiology  (FACHB),  Chinese
Academy  of  Sciences  (CAS).  The  algae  were  transferred  from  the
agarose (AGAR) plate to the tris-acetate-phosphate (TAP) medium
(Leading Tec), with alternating cycles of 12 h of daylight and 12 h
of darkness at room temperature (about 25 °C).

 2.2    Cells and animals
A549 cells (human lung adenocarcinoma cells; RRID: CVCL_0023)
were purchased from the cell bank of Chinese Academy of Science
(Shanghai,  China).  RAW264.7  cells  (mouse  mononuclear
macrophage  leukemia  cells;  RRID:  CVCL_0493)  were  purchased
from  Pricella  Biotechnology  Co.,  Ltd  (Wuhan,  China).  A549  cells
were  cultured  using  RPMI-1640  medium  mixed  with  15%  fetal
bovine  serum  (FBS,  Servicebio,  China),  and  RAW264.7  cells  were
cultured  using  RAW  complete  medium  (Procell,  China).  All
experimental  procedures  involving  animals  strictly  abide  by  the
Regulations  on  the  Management  of  Experimental  Animals  of
Zhengzhou University and have been approved by the Life Science
Ethics  Review Committee of  Zhengzhou University  (animal  ethics
code:  yxy11sc20250012).  Male  C57BL/6  mice  (6–8  weeks)  were
purchased  from  Liaoning  Changsheng  Biotechnology  Co.  Ltd
(SCXK-2020-0001).

 2.3    Description of the synthesis of UCNPs
The  oil-soluble  UCNPs  were  provided  by  the  research  group  of
Professor  Wei  Gao  from  Xi'an  University  of  Posts  and
Telecommunications.  Core-shell  UCNPs  (NaErF4)  were
synthesized  via  high-temperature  co-precipitation:  The  oil-soluble
UCNPs  were  synthesized  via  high-temperature  co-precipitation.
For  NaErF4 core-shell  UCNPs,  erbium  chloride  (ErCl3·6H2O),
octadecene (ODE), and oleic acid (OA) were reacted at 160 °C for
1  h.  After  cooling,  NaOH  and  NH4F  in  methanol  were  added,
followed  by  further  reaction  and  heating  to  300  °C  under  argon.
The  product  was  washed  and  dispersed  in  cyclohexane.  Similar

steps  were  used  for  NaErF4:Tm3+ and  NaErF4:Tm3+@NaYF4.  For
water  dispersion,  oleate  ligands  on  UCNPs  were  exchanged  with
alendronic  acid  (ADA)  by  stirring  in  a  mixed  solvent
(cyclohexane/ethanol/water) at pH 2–3. The resulting UCNPs-NH2

were centrifuged and dispersed in water.

 2.4    Preparation of Algae-UCNPs-robot
The algae were washed three times with PBS (pH 7.4), centrifuged
at  2000  rpm  for  5  min,  and  adjusted  to  a  concentration  of  1  ×
107 cells·mL−1 before  resuspension  in  PBS.  N3-PEG4-NHS  ester
(40 μM, click chemistry reagent) was added and incubated at room
temperature for 1 h to introduce N3 groups onto the surface of C.
reinhardtii. To  verify  successful  modification,  the  algae  were
incubated  with  borodipyrromethane  FL  DBCO  (KKL,  China)  for
30 min and imaged by confocal laser scanning microscopy (CLSM).
UCNPs  were  functionalized  with  40  μM  DBCO-PEG4-NHS  ester
(click  chemistry  reagent)  for  1  h.  The  modified  algae  and UCNPs
were  then  mixed  and  incubated  for  45  min,  followed  by
centrifugation  and  washing  to  obtain  the  Algae-UCNPs-robot,
which  were  resuspended  in  TAP  medium.  Static-algae-UCNPs
were prepared by removing flagella with 0.5 M acetic acid prior to
UCNP conjugation.

 2.5    Algae viability study
To assess algae viability, the algae were stained with 5 µM SYTOX
Green  (Thermo  Fisher,  USA).  The  bright  green  fluorescence  of
dead  algae  was  observed  by  CLSM,  and  the  cell  viability  of  algae
was calculated by counting.

 2.6    UCNPs binding optimization
To  optimize  the  binding  efficiency,  we  used  different
concentrations of UCNPs, specifically 0.2, 0.5, 1.0, and 2.0 mg·mL−1,
for  conjugation.  First,  UCNPs  (2.0  mg·mL−1)  were  incubated  with
DBCO-PEG4-NHS ester, FITC solution was added overnight. Then,
the  concentration  of  FITC-UCNPs  was  diluted  to  1.0000,  0.5000,
0.2000,  0.1250,  and 0.0625 mg·mL−1,  and the fluorescence intensity
of  each  diluent  was  determined  and  the  standard  curve  was
established.  Different  concentrations  of  FITC-UCNPs  were
incubated  with  algae,  the  unreacted  UCNPs  were  removed  by
centrifugation  and  the  fluorescence  intensity  was  measured  to
determine the binding amount of the UCNPs.

 2.7    Characterization of Algae-UCNPs-robot
In  order  to  perform  scanning  electron  microscopy  (SEM)
characterization,  Algae-UCNPs-robots  were  first  fixed  in  2.5%
glutaraldehyde  overnight  and  then  dried  at  critical  point  after
gradient dehydration with ethanol. After drying for about 1 h, gold
spraying  was  performed  on  Algae-UCNPs-robots.  The  SEM
instrument  (SU8020  Hitachi)  with  5  kV  acceleration  voltage  was
used  for  scanning  electron  microscopy  characterization.  In
addition,  UCNPs  were  labeled  with  FITC,  the  self-luminescence
(645–664  nm)  of  green  algae  and  fluorescence  of  UCNPs  in  the
Algae-UCNPs-robots  were  detected  by  CLSM.  The  attachment  of
UCNPs to algae was successfully captured.

 2.8    Optical video recording and MSD analysis
In order to explore the effect  of  nanoparticles  modification on the
movement speed of C. reinhardtii,  the movement velocity of  algae
modified with different bindings of nanoparticles was measured in
TAP  medium.  In  addition,  the  movement  of  Algae-UCNPs-robot

Nano Research | Vol. 19, No. 6 Liu et al.

94908538 (3 of 15) Nano Research, 2026, 19, 94908538

https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538
https://www.sciopen.com/article/10.26599/NR.2026.94908538


in  mucin  solution  was  evaluated.  The  motion  velocities  of  bare
algae and Algae-UCNPs-robot were measured in the dark at 37 °C
and  evaluated  at  0.5,  1,  2,  12,  and  24  h.  The  motion  of  algae-
nanorobots  was  imaged  by  using  the  bright  field  of  fluorescence
microscope  (Nikon  ECLIPSE  Ji)  and  the  mean-squared
displacement (MSD) was calculated (Eq. (1), i = 2 for 2D analysis).

MSD(∆t) = [xi(t+∆t)−xi(t)]2 (1)

where xi(t)  represents  the  coordinate  of  the  nanosystem  at  time t,
xi(t +  Δt)  represents  the  coordinate  of  the  nanosystem at  time t +
Δt, Δt represents the time interval, and t stands for time.

 2.9    O2 production of Algae-UCNPs-robot
Green  algae  (1  ×  107 cells·mL−1)  were  incubated  with  UCNPs  of
different concentrations (0.2, 0.5, 1.0, and 2.0 mg·mL−1) and then re-
suspended  in  PBS  (pH  7.4)  with  a  final  concentration  of  5  ×
106 cells·mL−1 (total  volume:  10  mL).  The  algae  were  placed  in  the
dark for 1 h and irradiated with NIR laser at a distance of 10 cm for
600 s.  A portable  dissolved oxygen meter  (JPB-607A) was  used to
record  the  oxygen  concentration  at  intervals,  so  as  to  evaluate  the
oxygen production of green algae after modification with different
concentrations of UCNPs. In addition, in order to assess the oxygen
production  of  Algae-UCNPs-robot  in  mucin  solution,  the  Algae-
UCNPs-robot  were  placed  in  2%  mucin  solution  with  the  same
final concentration and volume as above, placed in the dark for 1 h,
irradiated  with  NIR  laser  for  600  s,  and  recorded  oxygen
concentration by portable dissolved oxygen meter.

 2.10    In vitro cell oxygenation by Ru(dpp)3Cl2 probe
A549 cells were uniformly inoculated into 24-well plates with a cell
density of 5 × 104 cells per well for 12 h, and then the 24-well plates
were  placed  into  anaerobic  bags  (Anaero  Pack)  for  anaerobic
culture, leaving A549 cells in anoxic state. 10 µg·mL−1 [Ru(dpp)3]Cl2

(RDPP) RPMI-1640 medium was added, cultured for 3 h, followed
by two quick washes with PBS. Subsequently, 1 mL of RPMI-1640
medium  containing  UCNPs,  Algae,  or  Algae-UCNPs-robot  was
added to respective wells. Among them, the ratio of algae and Algae-
UCNPs-robots to A549 cells was 64:1. After culturing under closed
conditions for 3 h, it was irradiated with NIR laser for 10 min. After
twice rinsing of  the medium, fluorescence was observed by CLSM
photography (excitation: 455 nm, emission: 613 nm).

 2.11    HIF-1α protein quantification
To verify the oxygen production of Algae-UCNPs-robot under NIR
irradiation at  the cellular level,  the characterization was performed
by  detection  of  HIF-1α.  A549  cells  were  cultured  in  a  cell  culture
dish for 12 h, and the dish was placed in an anaerobic bag to keep
A549  cells  in  a  hypoxic  state.  1  mL  of  1640  suspended  UCNPs,
Algae and Algae-UCNPs-robot were added respectively, cultured in
closed  condition  for  3  h,  and  irradiated  in  closed  condition  with
NIR laser for 10 min. Then, the liquid in the dish was removed, the
lysis buffer was quickly added, and shake on the ice for 30 min. The
cracked cells were quickly scraped with a cell scraper, centrifuged at
12,000  rpm,  4  °C,  for  15  min,  and  the  supernatant  was  taken  for
subsequent western blot analysis (WB) test.

 2.12    In vitro cytotoxicity assay
A549  cells  were  seeded  in  96-well  plates  at  1  ×  104 cells/well  and
cultured for  12  h.  After  washing  with  PBS,  cells  were  treated  with

algae  or  Algae-UCNPs-robot  at  various  algae-to-cell  ratios
(0.0625–32)  for  3  h,  followed  by  NIR  irradiation  (10  min).  After
24  h  incubation,  cell  viability  was  assessed  using  the  cell  counting
kit-8  (CCK-8)  assay.  RAW264.7  cells  were  evaluated  under
identical conditions.

 2.13    In vitro macrophage phagocytosis
RAW  264.7  macrophages  were  cultured  in  24-well  plates  with  a
density  of  1  ×  106 cells  per  well.  Then  the  Algae-UCNPs-robots
were  added  in  a  1:1  ratio  of  robot/RAW264.7  macrophages  and
incubated  at  37  °C.  The  mixture  was  analyzed  by  fluorescence
microscopy at specific time points 0, 2, 8, 12, 24, and 48 h, and the
fluorescence values were quantified by microplate  reader (Thermo
Fisher Scientific).

 2.14    In vivo macrophage phagocytosis
Male  C57BL/6  mice  were  nebulized  with  Algae-UCNPs-robot  or
Static-algae-UCNPs.  The  robot  group  received  NIR  irradiation
(980 nm, 1.5  W·cm−2,  10 min) post-nebulization.  At  different  time
points  (1,  6,  and  24  h)  intervals,  BALF  was  collected  after
euthanasia.  Red  blood  cells  were  lysed,  and  macrophages  were
stained  with  FITC-CD11b+/PE-F4/80+ antibodies  (4  °C,  30  min).
Flow cytometry (FlowJo analysis) quantified macrophage uptake of
the robots.

 2.15    Establishment of animal model
Mice  were  anesthetized  with  intraperitoneal  pentobarbital  sodium
(50 mg·kg−1). A 1 cm midline neck incision was made to expose the
trachea,  followed  by  intratracheal  injection  of  50  µL  bleomycin
(2  U·kg−1 in  saline).  The  mice  were  then  rotated  horizontally  to
ensure  even  lung  distribution.  Control  mice  received  an  equal
volume of  saline.  Bleomycin (Shanghai  Green Leaf  Co.,  Ltd.,  Cat#
S17100) was used to induce pulmonary fibrosis.

 2.16    In vitro lung imaging
Mice  were  atomized  by  Static-algae-UCNPs  and  Algae-UCNPs-
robot  at  the  same  concentration  (5  ×  106 cells·mL−1).  After  the
specific  time  point  (1,  3,  6,  12,  24,  and  48  h),  each  group  of  mice
was  sacrificed,  and  their  lungs  were  collected  for  analysis.  Isolated
lung  images  were  taken  with  Lumina  XRMS in  vivo imaging
system.  Finally,  the  fluorescence  was  semi-quantified  by  ImageJ
(4.3.1) software.

 2.17    Metabolism of UCNPs in vivo
DBCO-PEG4-NHS ester-modified UCNPs were labeled with FITC
and  incubated  with  algae  for  45  min  to  prepare  Algae-UCNPs-
robots  (final  concentration:  5  ×  106 cells·mL−1).  Following
nebulization administration,  mice were sacrificed at  3,  6,  9,  12,  24,
and  48-h  time  points.  Blood,  lung  tissue,  and  other  major  organs
were  collected  for  nanoparticle  metabolism  analysis  using
inductively  coupled  plasma  mass  spectrometry  (ICP-MS)  and in
vivo imaging system (Lumina XRMS).

 2.18    In vivo administration scheme
This study established an IPF mouse model via intratracheal  BLM
injection,  with  successful  model  validation  by  hematoxylin  and
eosin (H&E) staining on day 7 post-modeling. Mice were randomly
divided  into  seven  groups  (n =  5/group):  (1)  Healthy  Control;
(2)  Model  Control;  (3)  SAL  group  (5  mg·mL−1 salbutamol,  SAL,
daily  nebulization);  (4)  Algae  +  NIR  group;  (5)  Algae-UCNPs-
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robot  +  dark  group;  (6)  Static-algae-UCNPs  +  NIR  group;  and
(7)  Algae-UCNPs-robot  +  NIR  group  (the  last  four  groups
administered at 5 × 106 cells·mL−1, 500 µL). Starting from day 1 post-
modeling,  nebulized  treatments  were  administered  on  odd-
numbered  days  (days  1,  3,  5,  7,  9,  11,  and  13).  For  NIR  groups
(1.5 W·cm−2), NIR irradiation was performed for 10 min at 1 h post-
nebulization and repeated at the same time point the following day.
During  the  entire  atomization  process,  the  body  weight  of  each
mouse was measured using an electronic balance at  fixed intervals
every  other  day,  and  the  weight  change  curves  of  each  group  of
mice  were  plotted.  The  changes  of  various  pulmonary  function
parameters  of  mice  were  recorded  using  the  small  animal  non-
invasive  pulmonary  function  respiratory  detection  system  at  the
end  of  the  treatment.  Lung  tissues  were  collected  for  pathological
analysis.

 2.19    Monitoring SpO2 and respiratory metabolism in mice
The  mice  in  each  group  were  atomized.  One  hour  after
atomization, NIR (1.5 W·cm−2) was used to irradiate the lungs of the
mice for 10 min. Subsequently, when the mice were in a stable state,
the  blood  oxygen  saturation  of  the  mice  was  detected  using  an
oximeter.  Subsequently,  the  mice  were  placed  in  the  small  animal
Respiratory  Metabolism  Detection  System  (Tarvim  Tech)  to
monitor the changes of the volume of carbon dioxide produced per
minute  (VCO2)  and  the  volume  of  oxygen  consumed  per  minute
(VO2) in the mice.

 2.20    In vivo safety studies
Mice (n = 3 per group) were randomly assigned to control, Algae-
UCNPs-robot,  and  Algae-UCNPs-robot  +  NIR  groups  for  a  two-
week nebulization study. After the end of administration, blood was
taken  from  the  orbit  of  the  mice,  and  the  organs  (heart,  liver,
spleen, lung and kidney) of the mice in each group were dissected,
rinsed  thoroughly  with  normal  saline  and  fixed  with  4%
paraformaldehyde fixative solution. Then the cured tissues were cut
into  thin  slices,  stained  with  H&E,  and photographed with  a  slide
scanner. Mouse whole blood was collected into heparin-containing
Eppendorf  (EP)  tubes  and  centrifuged  at  3000  rpm  for  20  min  at
4 °C to obtain serum. The levels of interleukin-6 (IL-6) and tumor
necrosis  factor-α (TNF-α)  in the supernatant were then quantified
using assay kits (Shanghai DuMa Biotechnology Co.Ltd.).

 2.21    Statistical analysis
Statistical  analysis  between  groups  was  analyzed  by  GraphPad
Prism  6.0  software  with  analysis  of  variance  (ANOVA).  All  data
with error bars in this study are presented as the mean ± standard
deviation (SD) of at least three independent experiments. *P < 0.05
indicates  a  statistically  significant  difference;  **P <  0.01 indicates  a
highly  statistically  significant  difference;  ***P <  0.001  indicates  an
extremely statistically significant difference.

 3    Results and discussion

 3.1    Preparation  and  characterization  of  Algae-UCNPs-
robot
To  evaluate  the  impact  of  UCNPs  with  distinct  emission
wavelengths on the oxygen production of C. reinhardtii, three types
of  UCNPs—UCNPs-NaYF4:20%Yb,2%Er@NaYF4 (green
emission),  NaYF4:2%Er@NaYF4 (yellow  emission),  and

NaErF4:0.5%Tm@NaYF4 (red  emission)—were  synthesized  via  an
argon-protected  pyrolysis  method.  These  UCNPs  were  separately
mixed  with C.  reinhardtii cultures  and  irradiated  under  NIR  light
for  10  min.  The  oxygen  yield  in  the  red-emitting  UCNPs  group
reached 2.92  ±  0.26  mg·L−1,  which  was  2.89  and 2.33  times  higher
than  that  of  the  green- and  yellow-emitting  groups,  respectively
(Fig. S1 in the Electronic Supplementary Material (ESM)). Given its
superior  performance  in  enhancing  oxygen  production,
NaErF4:0.5%Tm@NaYF4 was selected for the subsequent fabrication
of  microalgae-based  robots.  Transmission  electron  microscopy
(TEM)  characterization  revealed  that  the  as-synthesized  UCNPs
exhibit  a  uniform  short-rod  morphology,  with  an  average  particle
size of 43.99 ± 0.81 nm (Fig. S2 in the ESM).

To  improve  the  dispersion  of  UCNPs  in  aqueous  solution,  we
performed a surface amination via a ligand exchange process. TEM
images confirmed that the aminated UCNPs maintained a uniform
rod-like  morphology  with  an  average  particle  size  of  47.99  ±
2.37  nm  (Figs.  1(a) and 1(b)).  X-ray  diffraction  (XRD)  patterns
further  verified  that  both  the  original  and  aminated  UCNPs
retained  a  pure  hexagonal  phase  (JCPDS:  27-068),  indicating  that
the  surface  modification  did  not  alter  the  crystal  structure
(Fig. 1(c)).  Successful ligand exchange was corroborated by fourier
transform  infrared  spectroscopy  (FTIR).  The  appearance  of  a
characteristic  peak  at  1056  cm−1,  attributed  to  the  P–O  stretching
vibration of the ADA ligands, alongside the significant suppression
of  the  characteristic  C–H  stretching  (2920  and  2850  cm−1)  and
bending  (1465  cm−1)  vibrations  of  OA,  collectively  confirms  the
successful amination of the UCNPs (Fig. S3 in the ESM).

To prepare Algae-UCNPs-robot, we cultured C. reinhardtii algae
in  TAP  medium.  Ultraviolet–visible  (UV–Vis)  spectroscopy
showed  that C.  reinhardtii had  a  characteristic  absorption  peak  at
680  nm  (Fig.  S4(a)  in  the  ESM)  and  was  in  a  good  growth  state
(Fig.  S4(b)  in  the  ESM).  To  facilitate  the  determination  of  the
quantity  of C.  reinhardtii,  the  relationship  between the  number  of
C.  reinhardtii and  OD680  was  established,  and  a  linear  curve  was
plotted (Fig.  S4(c) in the ESM). To further modify the microalgae,
we successfully conjugated N3-PEG4-NHS ester to microalgae using
an amide bond formation reaction between primary amines on the
surface of the algae and esters, and observed negligible cytotoxicity
of N3-PEG4-NHS ester (Fig. S5 in the ESM).

To  assemble  the  Algae-UCNPs-robot,  the  N3-modified  algae
were  conjugated  with  DBCO-functionalized  UCNPs  via  a
bioorthogonal  click  reaction  (Fig.  1(d)).  SEM  and  CLSM  analyses
visually  confirmed  the  successful  assembly  of  the  Algae-UCNPs-
robot.  SEM  images  directly  showed  that  UCNPs  attached  to  the
surface of N3-modified C. reinhardtii (Figs. 1(e) and 1(f), and Fig. S6
in  the  ESM),  while  CLSM  revealed  clear  co-localization  of  green
fluorescence  from  FITC-labeled  UCNPs  and  red  autofluorescence
from C. reinhardtii chlorophyll a (Fig. 1(g)). Zeta potential analysis
provided  supplementary  evidence  for  the  successful  assembly  of
hybrid  robots.  Native C.  reinhardtii exhibited  a  negative  surface
charge (−11.92 ± 2.43 mV) due to membrane components such as
phospholipids  and  glycolipids,  whereas  UCNPs-NH2 displayed  a
positive  charge  (18.45  ±  1.21  mV)  attributable  to  their  surface
amine groups. Following conjugation, the hybrid robots showed an
intermediate zeta potential (−6.02 ± 2.65 mV), confirming effective
coverage of the algae surface by the positively charged nanoparticles
(Fig.  1(h)).  Quantitative  analysis  of  UCNPs  loading  revealed  a
concentration-dependent increase in the amount of UCNPs bound
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to algae as the nanoparticle concentration in the conjugation system
increased,  which  was  consistent  with  expectations  (Figs.  1(i) and
1(j)).  At  an  input  of  0.5  mg  of  UCNPs,  the  binding  capacity  and
efficiency  reached  0.308  ±  0.002  mg  and  61.64%  ±  0.32%,
respectively. The optimal oxygen evolution (2.98 ± 0.05 mg·L−1) was
achieved  at  a  UCNPs  concentration  of  0.5  mg·mL−1.  However,  a
further increase in nanoparticle loading led to a significant decline
in  oxygen  output,  with  yields  dropping  to  1.72  ±  0.06  mg·L−1

(1.0  mg·mL−1)  and 1.55 ± 0.04 mg·L−1 (2.0  mg·mL−1)  (Fig.  1(k) and
Fig. S7 in the ESM). Consequently, the 0.5 mg·mL−1 concentration,
which  yielded  the  highest  oxygen  production,  was  selected  for  all
subsequent robot fabrication.

 3.2    Motion behavior of Algae-UCNPs-robot
To  further  optimize  the  nanoparticle  concentration,  we  evaluated
the  motility  of  the  microalgae-based  robots  functionalized  with
varying  amounts  of  UCNPs.  As  in Fig.  2(a),  the  bare  microalgae
exhibited  a  velocity  of  101.32  ±  12.09  µm·s−1 in  TAP  medium  at
room temperature (Video S1 in the ESM). Upon functionalization
with UCNPs at a concentration of 0.5 mg·mL−1,  the velocity of the
Algae-UCNPs-robot  decreased  to  80.85  ±  13.48  µm·s−1.  A  further
increase  in  UCNPs  loading  to  1.0  mg·mL−1 resulted  in  a  more
pronounced reduction in speed, to 46.77 ± 10.56 µm·s−1 (Video S2
in  the  ESM).  Correspondingly,  the  MSD  of  the  robots  showed  a
significant decrease with increasing nanoparticle coverage (Fig. 2(b)).

 

Figure 1    Preparation  and  structural  characterization  of  Algae-UCNPs-robot.  (a)  TEM  images  and  (b)  particle  size  distribution  of  UCNPs-NH2.  (c)  XRD  pattern  of
UCNPs before and after amination. (d) Schematic of the functionalization of C. reinhardtii with amino UCNPs using click chemistry. Pseudo-coloured SEM images of
(e) unmodified algae and (f)  Algae-UCNPs-robot (n = 3).  (g) CLSM image of red fluorescence of chlorophyll  a in C. reinhardtii co-located with green fluorescence of
FITC produced by UCNPs (n = 3). (h) Potential changes in the synthesis of Algae-UCNPs-robot (n = 3). (i) UCNPs binding and (j) binding efficiency on the surface of C.
reinhardtii modified  with  different  concentrations  of  UCNPs.  (k)  Oxygen  production  of C.  reinhardtii modified  with  different  concentrations  of  UCNPs  under  NIR
irradiation for 10 min (n = 3). Values are represented as means ± SD.
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This  trend  in  impaired  mobility  was  further  corroborated  by
analyzing  the  representative  motion  trajectories  of  robots  with
different UCNPs loadings (Fig. 2(c) and Fig. S8 in the ESM). These
results collectively demonstrate that the motility of the microalgae is
inversely  correlated  with  the  UCNPs  loading.  Therefore,
considering  both  the  oxygen  production  capacity  and  the  motion
performance, a UCNPs concentration of 0.5 mg·mL−1 was identified
as  the  optimal  condition  and  employed  for  all  subsequent
experiments.

The mucus  barrier  significantly  impedes  the  mobility  of  micro-
nano delivery systems, leading to poor tissue permeability and low
bioavailability.  To  assess  the  potential  of  Algae-UCNPs-robot  for
deep  lung  delivery,  we  systematically  evaluated  their  locomotor
capability  in  a  mucin-based  environment.  Bare  algae  and  Algae-
UCNPs-robot  were  dispersed  in  a  mucin  solution  (prepared  with
TAP medium),  and their  locomotion was tracked over  time using
fluorescence  microscopy.  As  depicted  in Fig.  2(d),  both  systems

maintained persistent movement in mucin for up to 24 h at 37 °C
(Videos S3 and S4 in the ESM). Quantitative analysis revealed that
the velocity of bare algae dropped from 36.69 ± 10.46 μm·s−1 (0.5 h)
to  17.73  ±  7.40  μm·s−1 (24  h),  whereas  that  of  the  robot  decreased
from  28.39  ±  4.98  to  12.93  ±  4.82  μm·s−1 (Fig.  2(e)).
Correspondingly,  the  MSD  values  for  both  systems  gradually
declined  over  the  24-h  period.  Furthermore,  analysis  of
representative trajectories at 2 and 24 h (Fig. 2(f) and Fig. S9 in the
ESM)  revealed  that  even  after  24  h  of  incubation,  both  bare  algae
and  Algae-UCNPs-robot  maintained  slow  but  detectable
movement in the mucin solution. Together, these data confirm that
the  Algae-UCNPs-robot  maintains  sustained  mobility  in  viscous
media  for  at  least  24  h.  Moreover,  both  the  native  algae  and  the
robot  showed  excellent  biosafety  profiles:  even  at  a  robot-to-cell
ratio  of  64:1  followed  by  10  min  of  NIR  irradiation,  A549  and
RAW264.7 cells maintained high viability (Figs. 2(g) and 2(h)). This
robust  cellular  biocompatibility  supports  their  potential  for in  vivo

 

Figure 2    Motion behavior of Algae-UCNPs-robot. After modification with different concentration of nanoparticles, (a) speed, (b) MSD value, and (c) trajectory analysis
of Algae-UCNPs-robot within 2 s (n = 10). (d) Motion velocity and (e) MSD value in mucin solution of bare algae and microalgae robot within 2 s. (f) Motion trajectory
analysis of mucin suspension of Algae-UCNPs-robot within 2 s after incubation at 37 °C for 24 h (n = 10). (g) Cell viability of A549 human lung epithelial cells and (h)
RAW264.7 macrophages incubated with different concentrations of Algae or Algae-UCNPs-robot for 24 h (n = 3). Values are represented as means ± SD. Student's t-test
(panels (g) and (h)) was used for statistical analysis. n.s. indicates no significant difference.
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use.  Overall,  these  results  indicated  that  the  algae,  after  being
modified  with  UCNPs,  still  possessed  intrinsic  motility  behavior,
thereby  enabling  the  Algae-UCNPs-robot  to  be  used  as  an  active
delivery platform under physiological conditions.

 3.3    Oxygen production ability of Algae-UCNPs-robot
The  oxygen  production  capability  of  the  Algae-UCNPs-robot  was
first  evaluated  by  examining  the  luminescence  spectra  of  the  core
material,  NaErF4:0.5%Tm@NaYF4.  Both  before  and  after  the
amination process, the samples exhibited distinct emission bands in
the  green  (530–550  nm)  and  red  (640–675  nm)  spectral  regions.
Spectral  analysis  indicated  that  the  weaker  green  emission
originated from the (2H11/2, 4S3/2)  → 4I15/2 → 4I15/2 energy transitions of
Er3+ ions,  while  the  stronger  red  emission  corresponded  to  the
4F9/2 → 4I15/2 transition  (Fig.  3(a)).  A  schematic  diagram  illustrating
this  energy  transition  mechanism  is  provided  in  Fig.  S10  in  the
ESM.  Furthermore,  the  upconversion  (UC)  emission  intensity  of
the UCNPs was notably enhanced following the amination process.
This  observation  suggests  that  the  amination  treatment  passivates
surface  defects,  thereby  improving  the  luminescence  efficiency  of
the  particles  [35].  For  the  Algae-UCNPs-robot  complex,  the  main
red upconversion emission peak located at 640–675 nm showed no
significant  change  in  either  peak  position  or  emission  intensity
compared to the nanoparticles. This observation directly confirmed
that  conjugation  with  algae  does  not  compromise  the  core
upconversion luminescence properties of the nanoparticles, thereby
ensuring their reliability as optical reporter units.

To systematically investigate the influence of NIR power density
on  the  oxygen  production  of  the  microrobots,  we  measured  the
oxygen generated by the Algae-UCNPs-robot over 600 s under NIR
irradiation  at  power  densities  of  0,  0.5,  1.0,  1.5,  and  2.0  W·cm−2

using  a  dissolved  oxygen  meter.  The  results  indicated  that  the
highest  oxygen  yield  of  2.95  ±  0.17  mg·L−1 was  achieved  at  an
irradiation  power  of  1.5  W·cm−2 and  the  oxygen  accumulation
increased  progressively  over  time.  However,  increasing  the  power
density  to  2.0  W·cm−2 did  not  yield  a  corresponding  increase  in
oxygen production efficiency (Figs. S11(a) and S11(b) in the ESM).
Based on these findings,  an NIR power density  of  1.5  W·cm−2 was
selected  for  all  subsequent  experiments.  Furthermore,  to  evaluate
the  oxygen  generation  performance  of  the  Algae-UCNPs-robot
under NIR excitation, a comparative analysis of oxygen production
was  conducted  among  different  micro-nano  systems  in  both  PBS
and mucin solutions (Figs. 3(b) and 3(c), and Fig. S12 in the ESM).
The  experimental  results  revealed  that  under  NIR  irradiation,  the
Algae-UCNPs-robot  produced  oxygen  concentrations  of  2.83  ±
0.25 mg·L−1 in PBS and 1.03 ± 0.06 mg·L−1 in mucin solution. These
values  represent  8.6-fold  and  6.9-fold  enhancements,  respectively,
compared  to  control  groups  without  NIR  irradiation.  Notably,
under identical  conditions,  the hybrid Algae-UCNPs-robot  system
exhibited superior performance, yielding 2.47 times and 1.74 times
more  oxygen  in  PBS  and  mucin  solution,  respectively,  than  the
Algae + NIR group. Collectively, these results demonstrate that the
Algae-UCNPs-robot  possesses  a  remarkable  and  satisfactory
oxygen  production  capacity  when  irradiated  with  NIR  light  at
1.5 W·cm−2.

To  further  verify  the  intracellular  oxygen-generation  capability,
we  employed  the  hypoxia-sensitive  fluorescent  probe  RDPP  to
assess cellular oxygenation levels [36].  Due to dynamic quenching,
the  presence  of  molecular  oxygen  can  significantly  reduce  the
fluorescence of RDPP anoxic probe. To establish a hypoxic model,

A549  cells  were  first  placed  in  an  anaerobic  bag  for  cultivation.
Following RDPP staining and the addition of the microrobots, the
intracellular  oxygen  levels  were  determined  by  measuring  the
RDPP  fluorescence  intensity  using  CLSM  after  10  min  of  NIR
irradiation  (1.5  W·cm−2).  As  shown  in Fig.  3(d),  intense  red
fluorescence  was  observed  in  the  control,  UCNPs  +  NIR,  and
Algae-UCNPs-robot + dark groups. In contrast, the Algae-UCNPs-
robot  +  NIR  group  displayed  nearly  undetectable  RDPP  signals.
Notably, the free Algae + NIR group failed to effectively quench the
RDPP fluorescence, underscoring the pivotal role of the integrated
Algae-UCNPs-robot  system  in  achieving  this  oxygen-generating
effect.  These  results  collectively  indicate  that  the  Algae-UCNPs-
robot  possesses  excellent  oxygen-generation  performance  under
NIR irradiation (Fig. 3(g)).

Subsequently,  we  assessed  the  expression  of  HIF-1α using
immunofluorescence. HIF-1α is a key regulator that enables cellular
and  tissue  adaptation  to  hypoxic  conditions.  Under  hypoxic
conditions,  the  degradation  of  HIF-1α is  inhibited,  leading  to  its
accumulation  and  stabilization  [37].  As  shown  in Fig.  3(e),
following 10 min of  NIR irradiation,  a  significant reduction in the
green fluorescence intensity of  HIF-1α was observed in the Algae-
UCNPs-robot  group.  Although  a  slight  reduction  in  fluorescence
intensity  was  noted  in  the  Algae  +  NIR  group  compared  to  the
control,  the  Algae-UCNPs-robot  +  NIR  treatment  yielded  a  more
substantial  effect,  attenuating HIF-1α expression by approximately
60% in hypoxic cells (Fig. 3(h)). A subsequent evaluation at the lung
tissue level confirmed a similar trend in HIF-1α protein expression.
Compared  to  the  non-irradiated  Algae-UCNPs-robot  group,  the
Algae-UCNPs-robot  + NIR group exhibited a  marked attenuation
in  HIF-1α-associated  green  fluorescence  (Fig.  3(f)).  Quantitative
analysis  of  fluorescence  intensity  demonstrated  that  the  Algae-
UCNPs-robot reduced HIF-1α expression by approximately 54% in
lung tissue upon NIR irradiation, an effect significantly greater than
the  24% reduction achieved by  the  Algae  +  NIR group (Fig.  3(i)).
To  further  quantify  these  changes,  we  performed  WB  analysis  of
HIF-1α protein  expression  in  hypoxic  A549  cells  (Fig.  3(j)).  The
results  confirmed  a  significant  downregulation  of  HIF-1α protein
levels  in  the  Algae-UCNPs-robot  +  NIR  group  compared  to  the
Algae + NIR group (Fig. 3(k)). In summary, under NIR irradiation
at  1.5  W·cm−2,  the  Algae-UCNPs-robot  generated  substantial
oxygen via photosynthesis, effectively alleviating hypoxic conditions
in both cultured cells and lung tissues.

 3.4    Lung retention and clearance
Atomization-based  drug  delivery  enables  direct  targeting  of  the
lungs and enhances drug bioavailability. To validate the feasibility of
delivering  the  Algae-UCNPs-robot  via  atomization,  we  leveraged
the  autofluorescence  of  chlorophyll  a  in  the  microalgae  and
employed  small  animal in  vivo imaging  to  track  their  distribution
within  the  five-lobed  lung  tissue.  As  shown  in  Fig.  S13(a)  in  the
ESM, the  motile  microalgae  robots  demonstrated a  more  uniform
distribution  in  mouse  lungs  post-nebulization  compared  to  their
static  counterparts.  Semi-quantitative  fluorescence  analysis  further
confirmed  no  significant  difference  in  the  overall  fluorescence
signals  detected  in  the  lungs  (Fig.  S13(b)  in  the  ESM).  We  next
measured  the  velocity  of  droplets  containing  the  samples  as  they
passed through the nebulizer. The results indicated that the motion
speed of both bare algae and the microalgae robots remained largely
unaffected  by  the  atomization  process,  with  no  significant
difference  observed  before  and  after  nebulization  (Fig.  S14  and
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Figure 3    Oxygen  production  performance  of  Algae-UCNPs-robot.  (a)  Upconversion  fluorescence  spectra  of  UCNPs  at  different  modification  stages.  (b)  Oxygen
production  of  Algae-UCNPs-robot  in  PBS  buffer  for  10  min  (n =  3).  (c)  Oxygen  production  of  Algae-UCNPs-robot  in  mucin  solution  for  10  min  (n =  3).
(d) Representative fluorescence image and (g) fluorescence quantification of anoxic cultured A549 cells (red) after being stained with RDPP anoxic probe and incubated
with  different  micro-nano  systems  (n =  3).  (e)  Immunofluorescence  staining  image  and  (h)  fluorescence  quantification  of  HIF-1α protein  (green  fluorescence)  after
different micro-nano systems were incubated with hypoxic-treated A549 cells (n = 3). (f) Immunofluorescence staining image and (i) fluorescence quantification of HIF-
1α protein (green fluorescence) in lung tissue after atomization with different micro and nano systems (n = 3). (j) WB analysis and (k) quantitative analysis of HIF-1α
protein after different micro-nano systems were incubated with anoxic A549 cells (n = 3). Values are represented as means ± SD. One-way ANOVA (panels (g)–(i), and
(k)) was used for statistical analysis. *P < 0.05, and ***P < 0.001.
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Video  S5  in  the  ESM).  Subsequently,  SYTOX  Green  staining  was
employed to assess the viability of Algae-UCNPs-robot before and
after  nebulization.  The  results  presented  in  Fig.  S15  in  the  ESM
indicate  that  the  viability  was  96.17%  before  nebulization  and
90.88% after nebulization. These findings demonstrate that the vast
majority  of  cells  (>  90%)  remained  viable  following  nebulization.
Combined with  motility  analysis,  the  nebulization process  did  not
significantly impair the motility and viability of the Algae-UCNPs-
robot, confirming its feasibility as a delivery method for this system.

Following  nebulization  and  inhalation,  we  investigated  the
pulmonary distribution of the Algae-UCNPs-robots. Leveraging the
autofluorescence  of  chlorophyll  a  in  the  algae,  lung  tissues  were
harvested  at  various  time  points  post-atomization  for ex  vivo
fluorescence  imaging  to  visualize  the  distribution.  Non-motile
UCNPs-modified C. reinhardtii (designated "Static-algae-UCNPs"),
which were characterized by SEM (Fig. S16 in the ESM), served as a
control.  Under  NIR  irradiation,  the  Algae-UCNPs-robots  had
penetrated the entire lung tissue within 1 h and maintained strong
fluorescence  even  at  24  h.  In  contrast,  the  signal  from  the  Static-
algae-UCNPs decreased sharply by 6 h and was nearly undetectable
at  24  h  (Fig.  4(a)).  As  shown  in Fig.  4(b),  the  total  fluorescence
intensity  of  the  motile  Algae-UCNPs-robots  gradually  decreased
over  48  h  but  remained  consistently  higher  than  that  of  the  non-
motile  Static-algae-UCNPs  group  up  to  the  24-h  time  point.  By
48  h,  no  significant  difference  in  fluorescence  intensity  was
observed  between  the  two  groups.  In  contrast,  the  Static-algae-
UCNPs  group  exhibited  a  more  rapid  and  pronounced  signal
reduction.  Collectively,  these  data  demonstrate  that  the  inherent
motility  of  the  Algae-UCNPs-robots  significantly  enhances  their
retention within the lungs.

To further elucidate how active movement enhances pulmonary
retention,  we  investigated  the  underlying  clearance  mechanism  of
the  algae-based  robots  in  the  lungs.  Macrophages  are  one  of  the
primary resident  immune cells  in the lungs and play a  key role  in
phagocytosing  and  clearing  foreign  particulates  [38, 39].  Algae-
UCNPs-robots  and  Static-algae-UCNPs  were  co-incubated  with
RAW264.7  macrophages  at  a  1:1  ratio.  The  culture  supernatants
were collected at various time intervals to measure the fluorescence
intensity.  As shown in Fig.  4(c),  the residual  fluorescence intensity
in  the  supernatant  for  the  Static-algae-UCNPs  group  was
significantly  lower  than  that  of  the  Algae-UCNPs-robots  group,
indicating that Static-algae-UCNPs were more easily internalized by
macrophages.  The  uptake  of  Algae-UCNPs-robots  over  time  was
quantified  by  calculating  the  number  of  unbound  Algae-UCNPs-
robots at different time points (Fig. S17(b) in the ESM). As shown
in Fig. S17(a) in the ESM, the internalization rate of the Static-algae-
UCNPs  by  macrophages  was  significantly  faster  compared  to  that
of  the  motile  Algae-UCNPs-robots.  These  results  collectively
indicate  that  the  active  movement  of  the  Algae-UCNPs-robots
facilitates their evasion of macrophage uptake.

To elucidate the in vivo clearance mechanism, we employed flow
cytometry  to  analyze  the  uptake  of  the  microrobots  by
macrophages at various time points following nebulization in mice
(Fig.  4(d)).  The  uptake  of  Algae-UCNPs-robots  by  alveolar
macrophages  remained  low  within  the  first  6  h,  with  a  relative
increase observed at the 24-h time point. In contrast, approximately
30% of macrophages showed positive uptake of Static-algae-UCNPs
at 6 h post-atomization,  which was 2.5 times the uptake of  Algae-
UCNPs-robot  (Fig.  4(e)).  These  findings  confirm  that  alveolar
macrophages  represent  the  primary  pathway  for  clearing  algae-

based  particles  from  the  lungs.  The  delayed  phagocytosis  of  the
Algae-UCNPs-robots  observed in  vivo is  consistent  with  our in
vitro results,  providing  a  plausible  explanation  for  their  prolonged
pulmonary retention.

To evaluate the biosafety of UCNPs and assess the risk of long-
term accumulation that could lead to toxicity or organ burden, we
investigated  their in  vivo metabolic  profile.  Quantitative  analysis
using  inductively  ICP-MS  revealed  a  time-dependent  decrease  in
the  concentration  of  the  Yttrium  (Y)  element  (a  component  of
UCNPs) in both lung tissue and blood. Compared to the level at 3 h
post-nebulization,  the  Y  element  concentration  in  lung  tissue
dropped from 0.182 to 0.023 µg·g−1 by 48 h,  constituting an 87.2%
reduction.  Correspondingly,  the  blood  concentration  decreased
from  14.75  to  1.49  µg·L−1 over  the  same  period,  resulting  in  a
clearance  rate  of  89.9%  (Figs.  4(f) and 4(g)).  In  addition,
fluorescence imaging of UCNPs in major mouse organs at various
time  points  post-atomization  showed  a  significant  decrease  in
fluorescence signals across all examined organs at 48 h compared to
1 h (Fig.  S18 in the ESM). These findings collectively indicate that
the  UCNPs  can  be  effectively  metabolized  and  cleared  from  the
body over time, supporting their favorable biological safety profile.

 3.5    Effect of Algae-UCNPs-robot on hypoxia in IPF mice
Subsequently,  we  evaluated  the  therapeutic  efficacy  of  the  Algae-
UCNPs-robot in alleviating dyspnea in IPF model mice under NIR
irradiation  (980  nm,  1.5  W·cm−2).  The  IPF  mouse  model  was  first
established  via  intratracheal  instillation  of  BLM.  Successful  model
establishment was confirmed by H&E staining after 7 days (Fig. S19
in the ESM). During the treatment period, a nebulization regimen
was  administered  every  two  days.  For  the  positive  control  group,
SAL  was  nebulized  once  daily  over  a  two-week  period  (Fig.  5(a)).
As  evidenced  by  the  body  weight  change  curve,  IPF  mice  treated
with  Algae-UCNPs-robot  plus  NIR  irradiation  exhibited  a
significantly  attenuated  weight  loss  and  maintained  a  better
physiological  status  throughout  the  treatment  course.  These
findings indicate the excellent in vivo biosafety of the Algae-UCNPs-
robot (Fig. 5(b)).

For the therapeutic intervention, we employed an atomized drug
delivery  approach.  One  hour  post-nebulization,  the  mice  were
subjected  to  NIR  laser  irradiation  (980  nm,  1.5  W·cm−2).
Subsequently, blood oxygen saturation (SpO2) was measured using
an oximeter.  The temporal  changes  in  murine SpO2 are  presented
in Fig. 5(c). The model control group exhibited a significant decline
in  SpO2 over  the  course  of  nebulization,  indicative  of  the
progressive  physiological  deterioration  associated  with  IPF.
Similarly,  the  SAL  group  failed  to  mitigate  the  SpO2 decline,
underscoring  its  limited  therapeutic  efficacy  against  IPF.  In  sharp
contrast,  the  Algae-UCNPs-robot  +  NIR  group  displayed  a
substantially  attenuated  SpO2 decline  relative  to  other  groups,
maintaining a final level of 91.00% ± 2.24%. Conversely, the Static-
algae-UCNPs  +  NIR  group  registered  a  significantly  lower  SpO2

value  of  86.00%  ±  2.24%,  with  its  overall  performance  being
markedly inferior to that of the motile Algae-UCNPs-robot group.
These  results  underscore  the  critical  role  of  the  microalgae  robots'
motility  in  achieving  therapeutic  outcomes.  Collectively,  the  SpO2

measurements demonstrate that under NIR irradiation, the oxygen
generated by the photosynthesis of the nebulized microalgae robots
within  the  lungs  effectively  alleviates  the  declining  trend  of  blood
oxygen saturation in IPF mice,  thereby ameliorating their  dyspnea
symptoms.
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Figure 4    Lung distribution of Algae-UCNPs-robot. (a) Ex vivo lung fluorescence images captured at various intervals post-nebulization, comparing Algae-UCNPs-robot
with Static-algae-UCNPs. (b) Fluorescence quantification in lung tissue at different time points (n = 3). (c) Fluorescence intensity variations of Algae-UCNPs-robot versus
Static-algae-UCNPs,  with/without  NIR irradiation  during  macrophage  co-culture  (n =  3).  (d)  Flow cytometric  analysis  showing  uptake  of  Algae-UCNPs-robot  versus
Static-algae-UCNPs by CD11b+F4/80+ alveolar macrophages after nebulization administration (n = 3).  (e) Comparison of Algae-UCNPs-robot and Static-algae-UCNPs
uptake by alveolar macrophages at different time points (n = 3). Changes of Y content in (f) lung tissue and (g) blood of IPF mice at different time points after atomizing
microalgae robot (n = 3). Values are represented as means ± SD. Two-way ANOVA (panels (b), (c), and (e)) and One-way ANOVA (panels (f) and (g)) were used for
statistical analysis. *P < 0.05, **P < 0.01, and ***P < 0.001. n.s. indicates no significant difference.
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Figure 5    Effect of Algae-UCNPs-robot on hypoxia in IPF mice. (a) In vivo treatment timeline of IPF mice. (b) Body weight change curve of mice in each group (n = 5).
(c) The variation curves of SpO2 in each group of mice during atomization treatment (n = 5). (d) The variation curves of VO2 in each group of mice over time during
nebulization treatment (n = 5). (e) The variation curves of VCO2 in each group of mice over time during nebulization treatment (n = 5). (f) Staining images of HIF-1α
protein in lung tissue of mice in each group after treatment. (g) Average fluorescence quantification of HIF-1α protein (n = 3). (h) H&E and Masson staining images of
lung tissues in each group of mice after nebulization treatment (scale bar: 100 μm). Values are represented as means ± SD. Two-way ANOVA (panels (b)–(e)) and One-
way ANOVA (panel (g)) was used for statistical analysis. *P < 0.05, **P < 0.01, and ***P < 0.001.
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In  IPF  mice,  pathological  features  such  as  thickened  alveolar
walls  and  pulmonary  fibrosis  lead  to  a  reduced  area  for  gas
exchange. This impairment results in diminished efficiency of CO2

diffusion  from  the  blood  into  the  alveoli  and  consequently,  a
decrease  in  CO2 excretion  [40, 41].  Consequently,  VCO2 in  IPF
mice  is  significantly  lower  than  that  in  healthy  controls.  Similarly,
VO2 is  also  typically  subnormal,  attributable  to  the  compromised
oxygen  uptake  capacity.  To  assess  the  severity  of  IPF  and  the
therapeutic  effect,  mice  were  atomized  and  irradiated  with  NIR
before  being  placed  in  a  small  animal  respiratory  metabolism
detection system to monitor the changes of VCO2 and VO2 in mice.
The  results  for  these  respiratory  metabolic  parameters  (VCO2 and
VO2)  are  presented  in Figs.  5(d) and 5(e).  As  IPF  progressed,  the
model control group exhibited a gradual decline in both VCO2 and
VO2,  reflecting the deterioration of  respiratory metabolic  function.
In  contrast,  the  Algae-UCNPs-robot  +  NIR  group  maintained
significantly higher levels of VCO2 and VO2. This demonstrates that
oxygen  generated  by  the  microalgae  robots  via  photosynthesis
effectively  alleviated  hypoxia  and  restored  respiratory  metabolic
function in the IPF mice. Although the Static-algae-UCNPs + NIR
group showed a moderate improvement, its effect was significantly
less pronounced than that in the motile Algae-UCNPs-robot group.
These  findings  further  corroborate  the  superior  dynamic  oxygen
production  capacity  afforded  by  the  motility  of  the  microalgae
robots.

Following the  treatment  regimen,  we assessed the  expression of
HIF-1α in  lung  tissues  via  immunofluorescence  staining.  The
results  showed  that,  compared  with  the  BLM  group,  the  green
fluorescence intensity in the SAL group and the Algae + NIR group
decreased  to  varying  degrees.  Notably,  the  Algae-UCNPs-robot  +
NIR  group  exhibited  the  most  substantial  decrease  in  HIF-1α
fluorescence  intensity.  Moreover,  the  distribution  of  the  residual
green  fluorescence  in  this  group  was  considerably  more  uniform
than  that  observed  in  the  Static-algae-UCNPs  +  NIR  group
(Figs.  5(f) and 5(g)).  This  result  indicated  that  the  motion
characteristics  of  microalgae  robots  played  an  important  role  in
improving oxygen distribution. These findings demonstrate that the
synergistic  combination  of  dynamic  oxygen  production  and
autonomous  motility  in  the  microalgae  robots  potently  enhances
therapeutic  outcomes  by  ensuring  superior  oxygen  distribution,
which effectively alleviates IPF-associated hypoxia.

The  progression  of  pulmonary  fibrosis  severely  compromises
essential  lung  functions  [42, 43].  To  quantify  these  functional
impairments,  we  employed  whole-body  plethysmography  (WBP)
following  nebulization  to  analyze  key  lung  function  parameters
across the different treatment groups.  As shown in Fig.  S20 in the
ESM,  the  Algae-UCNPs-robot  +  NIR  group  exhibited  significant
reductions  in  inspiratory  time,  expiratory  time,  and  inspiratory/
expiratory  pauses,  alongside  marked  increases  in  respiratory  rate,
maximum  inspiratory/expiratory  flow,  tidal  volume,  and  mid-
expiratory flow compared to the model control.

We further evaluated the extent of lung tissue injury and collagen
deposition  using  H&E  and  Masson's  trichrome  staining,
respectively.  Histological  analysis  revealed  severe  alveolitis,
extensive  architectural  damage,  and  near-complete  loss  of  alveolar
cavities in the SAL, Algae + NIR, and Algae-UCNPs-robot + dark
groups.  In  contrast,  lung  tissues  from  the  Static-algae-UCNPs  +
NIR  and  Algae-UCNPs-robot  +  NIR  groups,  while  exhibiting
modest  neutrophilic  infiltration  and  partial  alveolar  destruction,
maintained  a  relatively  preserved  and orderly  alveolar  architecture
(Fig.  5(h)).  These  findings  indicate  that  while  the  Algae-UCNPs-

robot  +  NIR  treatment  did  not  fully  reverse  established  IPF,  it
effectively  mitigated  the  decline  in  pulmonary  function  and
alleviated pathological damage in the lung tissues of IPF mice.

We  next  investigated  the in  vivo biocompatibility  of  the
microalgae-based  robot  following  a  two-week  nebulization
regimen.  As  summarized  in  Fig.  S21  in  the  ESM,  no  significant
alterations in hematological or serum biochemical parameters were
observed  in  mice  treated  with  Algae-UCNPs-robot  alone  or  in
combination  with  NIR,  compared  to  the  control  group.
Consistently, H&E staining of major organs revealed no detectable
pathological  abnormalities  (Fig.  S22  in  the  ESM).  Regarding
immune  responses,  enzyme-linked  immunosorbent  assay  (ELISA)
results showed that the levels of the IL-6 and the TNF-α in serum
48  h  after  inhalation  administration  were  not  clearly  elevated
compared  with  the  control  group  (Fig.  S23  in  the  ESM).  These
results confirm that the microalgae-based robotic system exhibited
an  excellent  biosafety  profile  throughout  the  entire  14-day
administration  period.  This  favorable  biocompatibility  profile
establishes  a  solid  foundation  for  the  potential  translation  of  this
microalgae  robotic  system  for  managing  IPF-related  respiratory
distress.

 4    Conclusions
Idiopathic  pulmonary  fibrosis  is  a  chronic,  progressive,  and
irreversible  interstitial  lung  disease  of  unknown  etiology,
characterized primarily by pulmonary fibrosis and a gradual decline
in lung function. Disease progression is invariably accompanied by
severe  hypoxemia  and  persistent  dyspnea,  profoundly
compromising  patients'  quality  of  life.  Current  standard-of-care,
including  supplemental  oxygen  therapy,  pulmonary  rehabilitation,
and  anti-fibrotic/anti-inflammatory  drugs,  provides  primarily
symptomatic  relief  and  is  associated  with  considerable  limitations.
For instance,  long-term high-concentration oxygen therapy carries
a  risk  of  oxygen  toxicity,  while  the  requisite  equipment  for
continuous  supplementation  significantly  impairs  patient  mobility
and  quality  of  life.  Microalgae,  as  natural  biomaterials,  offer
exceptional biosafety and the unique capability for spatiotemporally
controllable,  on-demand  oxygen  production in  vivo via
photosynthesis  [44, 45].  However,  the  clinical  translation  of
microalgae-based  therapies  is  hampered  by  inherent  challenges,
including  poor  tissue  penetration  of  visible  light  and  their  rapid
clearance from the systemic circulation.

Inspired  by  the  innate  photosynthetic  oxygen-generating
capacity  of  microalgae  [28, 30],  we  engineered  a  microrobotic
platform  by  functionalizing C.  reinhardtii with  UCNPs.  This
platform,  termed  Algae-UCNPs-robot,  is  designed  for  targeted in
situ oxygen production within the lungs in the context of IPF. The
UCNPs  can  convert  NIR  laser  light  into  red  visible  light,  thereby
inducing algae cells to perform photosynthesis and produce oxygen.
In  vitro assessments  confirmed  the  platform's  functionality,
demonstrating  that  under  NIR  irradiation  and  with  a  UCNP
concentration  of  0.5  mg·mL−1,  the  Algae-UCNPs-robot  produced
oxygen,  resulting  in  an  increase  of  2.98  ±  0.05  mg·L−1 in  the
dissolved  oxygen  concentration.  Notably,  the  platform retained  its
oxygen-producing  capability  even  in  a  mucin-rich  environment,
yielding  1.03  ±  0.06  mg·L−1 of  oxygen  following  10  min  of  NIR
exposure.  Additionally,  it  significantly  reduced  the  expression  of
HIF-1α in  hypoxia-cultured  cells  and  lung  tissues,  confirming  its
excellent oxygen generation performance. The therapeutic potential
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of  the  Algae-UCNPs-robot  was  further  validated in  vivo. Notably,
compared  to  the  static  control  (Static-algae-UCNPs),  the  motile
Algae-UCNPs-robot  +  NIR  group  facilitated  more  homogeneous
oxygen  distribution  and  exhibited  a  significantly  prolonged
retention  time  within  the  lung  tissue,  highlighting  the  importance
of the microalgae robot's motility in improving oxygen delivery. In
the  IPF mouse  model,  treatment  with  Algae-UCNPs-robot  +  NIR
group significantly attenuated the decline in SpO2 and reduced HIF-
1α protein expression.

In  summary,  this  work  successfully  engineered  a
Chlamydomonas  reinhardtii-based  microrobotic  platform  via  a
facile click chemistry approach. This platform enabled effective NIR-
triggered oxygen production and demonstrated significant  efficacy
in alleviating hypoxia in a murine model of IPF. The incorporated
motility  conferred  enhanced  evasion  of  pulmonary  macrophage
phagocytosis  and  promoted  uniform  intrapulmonary  oxygen
distribution,  collectively  contributing  to  an  innovative  therapeutic
strategy  for  IPF.  This  research  not  only  proposes  a  novel
therapeutic  avenue  for  IPF  but  also  provides  broader  insights  for
the  development  of  next-generation,  active  pulmonary  delivery
systems.

 Electronic  Supplementary  Material: Supplementary  material
(algae-UCNPs-robot  assembly,  motion  behavior, in  vitro and in
vivo hypoxia  alleviation,  lung  retention,  biosafety  evaluations,
supplementary  videos)  is  available  in  the  online  version  of  this
article at https://doi.org/10.26599/NR.2026.94908538.
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