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ABSTRACT Anisotropic arrangement of cell wall components is ubiquitous among bacteria and fungi, but how such functional
anisotropy affects interactions between microbes and host immune cells is not known. Here we address this question with re-
gard to phagosome maturation, the process used by host immune cells to degrade internalized microbes. We developed two-
faced microparticles as model pathogens that display ligands on only one hemisphere and simultaneously function as fluoro-
genic sensors for probing biochemical reactions inside phagosomes during degradation. The fluorescent indicator on just one
hemisphere gives the particle sensors a moon-like appearance. We show that anisotropic presentation of ligands on particles
delays the start of acidification and proteolysis in phagosomes, but does not affect their degradative capacity. Our work sug-
gests that the spatial presentation of ligands on pathogens plays a critical role in modulating the degradation process in phag-
osomes during host-pathogen interactions.
SIGNIFICANCE There is increasing recognition that bacteria and fungi have anisotropic surfaces. However, there is
virtually nothing known about how such microbial surface anisotropy might impact the pathogen-host interactions. By
developing Moon particle sensors as model pathogens, here we drew a direct connection between the surface anisotropy
of particles and its functional consequences on the degradative activities within phagosomes encapsulating the particles.
The discovery that the anisotropic presentation of ligands delays the onset of phagosome degradation suggests a
possible mechanism by which pathogens might alter their surface anisotropy to perturb host immune responses.
INTRODUCTION

Surface anisotropy is ubiquitous on microbes, and
many bacteria have asymmetric surface structures.
Some have bipolar organization, with flagella, pili,
and stalks on one pole (1). Bacterial bipolarity can
also result from variation in cell wall composition,
with dividing bacteria cells being the most notable
example (2). The surface anisotropy of bacteria
seems to be functionally important. It is known to
play an important role in determining how they
adhere to solid surfaces (3). It can also impact
host-pathogen interactions. The gram-negative bacte-
rium Bradyrhizobium was found to preferentially atta-
ch to cells of the soybean seed coat by its older pole,
where lectin BJ38 was concentrated (4). However,
the importance of bacterial surface anisotropy has
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only been recognized recently owing to the develop-
ment of advanced imaging techniques (5,6). Very lit-
tle is yet known about its functional consequences.
In particular, little is known about how the anisotropic
distribution of surface proteins on pathogenic micro-
organisms affects their interactions with mammalian
immune cells. Such interactions could have serious
consequences in the pathogenesis of infectious dis-
eases (7).

Host-pathogen interactions involve two critical
processes: phagocytosis and the degradation of path-
ogens. Phagocytosis is triggered when innate im-
mune receptors recognize pathogen-associated
molecular patterns. Detected pathogens are engulfed
into intracellular vacuoles called phagosomes.
These phagosomes then degrade and destroy their
cargo in a maturation process. During maturation,
phagosomes undergo a series of biochemical trans-
formations in both membrane composition and
lumenal environment, through which they acquire
their degradative capacity (8). Specifically, phago-
somes remodel their membranes by recruiting
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functional lipids and special membrane proteins (9),
generate reactive oxygen species (10), acidify in their
lumen (11), and activate proteases for pathogen
degradation (12). Previous studies using synthetic
particles as model pathogens have revealed that
phagocytosis is affected by the physiochemical pa-
rameters of the ingested cargos. Particle size (13),
shape (14), and mechanical stiffness (15) have all
been shown to affect the probability of internalization
(also known as phagocytosis efficiency) of particles
by phagocytic immune cells. The surface density of li-
gands also seems to play a role, but results have been
contradictory (16,17). The impact of physiochemical
properties of particles on phagosome maturation
has been much less studied, but the type of ligand
on the surface of a particle has been shown to affect
the kinetics of maturation (18-20). All those studies
were done using synthetic particles with uniform sur-
face coatings of ligands as model pathogens. In our
previous study, we fabricated two-faced Janus parti-
cles that display ligands on only one hemisphere.
Owing to the anisotropic presentation of ligands,
those particles were internalized by cells via com-
bined mechanisms of ligand-dependent phagocytosis
and ligand-independent macropinocytosis (21,22).
However, it remains unclear how the anisotropic dis-
tribution of ligands on particles might affect the matu-
ration and degradative function of phagosomes after
the internalization step.

In this study, we address this question by directly
showing the effect of anisotropic ligand presentation
of particles on the degradative function of phago-
somes. To do so, we engineered two-faced Janus
particle sensors (3 mm) as phagocytic cargos. These
particles were designed to not only have anisotropic
ligand presentation, but also to enable in situ imaging
and measurements of the degradative functions of
single phagosomes, including lumen acidification
and proteolysis, by means of fluorogenic indicators.
Because the particle sensors fluoresce from only
one hemisphere, their appearance resembles that of
the changing phase of the Moon. We, therefore, refer
to them as “Moon” particles. With so-called pHMoon
and proteolysis-Moon particles, we revealed that the
anisotropic distribution of ligands on a particle
changes the kinetics of phagosome maturation and
degradation. This included altered recruitment of
early phagosome markers, delayed acidification and
proteolysis, and reduced acidification kinetic rate. It
did, however, have a negligible effect on the final
degradative capacity of phagosomes. This finding
suggests that intracellular pathogens might use their
surface anisotropy to delay the onset of phagosome
degradation to prolong their survival and to increase
infection inside host immune cells.
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MATERIALS AND METHODS

Materials

Silica particles of 3 mm in diameter were purchased from Spherotech.
Sodium orthovanadate (Na3VO4), 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES), pHrodo iFL Red STP Ester, EZ-Link N-hy-
droxysuccinimide ester biotin (NHS-Biotin), and streptavidin (SAv)
were purchased from ThermoFisher Scientific. The 3-aminopropyl-
triethoxysilane (APTES) was from Acros Organics. Paraformaldehyde
(PFA) and dimethyl sulfoxide (DMSO) were from Avantor. CF640R-
NHS and CF488-NHS were purchased from Biotium. SYLGARD 184
polydimethylsiloxane (PDMS) kit, albumin from bovine serum (BSA),
IgG from rabbit plasma, diphenyleneiodonium chloride, 1,10-carbonyl-
diimidazole (CDI), and Amicon Ultra filters (30K) were purchased
fromMilliporeSigma. Curdlan (b-1,3-glucan from Alcaligenes faecalis)
was purchased from InvivoGen. Alexa Fluor 488 and Alexa Fluor 647
conjugated phospho-Syk (Tyr525/526) rabbit monoclonal antibody
(4349S) was from Cell Signaling Technology. Nigericin sodium salt
was purchased from Tocris Bioscience. FuGENE HD transfection re-
agent was purchased from Promega. RAW 264.7 macrophage cells
were obtained from American Type Culture Collection. RAW 264.7
cells stably expressing actin-mCherry or actin-green fluorescent pro-
tein (GFP), as well as LAMP1-GFP plasmid, 2�FYVE-GFP plasmid,
Rab7-GFP plasmid, and LC3-GFP plasmid were kindly provided by
Prof. Sergio Grinstein (University of Toronto, Ontario, Canada). Dec-
tin-1 GFP-expressing RAW 264.7 macrophages were originally pro-
vided by Prof. David Underhill at Cedars-Sinai Medical Center.
Ringer's solution (pH ¼ 7.2, 10 mM HEPES, 10 mM glucose,
155 mM NaCl, 2 mM NaH2PO4, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2) was used for macrophage live-cell imaging. Ringer's solution
adjusted to a pH of 4.5, 5.5, 6.5, and 7.2 was used for extracellular pH
calibration of pHMoon Sensors. Potassium-rich buffer (135 mM KCl,
2 mMK2HPO4, 1.2 mMCaCl2, 0.8 mMMgSO4) adjusted to a pH of 4.5,
5.5, 6.5, and 7.2 was used for intracellular pH calibration of pHMoon
Sensors.
Cell culture, transfection, and pharmacological
treatments

All RAW 264.7 cells were cultured in Dulbecco's Modified Eagle Me-
dium (DMEM) complete medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin at 37�C and 5% CO2. Transfection was carried out according
to the manufacturer's instructions. In brief, 0.25 million RAW 264.7
macrophages were seeded on a precleaned 30 mm glass coverslip
without antibiotics 24 h before transfection. After replacing the cell
medium with complete DMEM medium without antibiotics, 2 mL
500 ng/mL plasmid was then mixed with 3 mL FuGENE HD transfec-
tion reagents in 95 mL DMEM medium without supplements for
15 min. The mixture was then gently added to cells. Cells were incu-
bated overnight before use.
Protein labeling

To prepare SAv-pHrodo Red, SAv (concentration in mixture: 1 mg/mL)
was mixed with pHrodo Red STP ester (concentration in mixture:
160 mg/mL) in sodium bicarbonate buffer (0.1 M, pH 8.25) and incu-
bated at room temperature for 2 h on rotor. Free dyes were then
removed by centrifugation using Amicon 30K filters at 14,000 rcf at
4�C for 10 min. Protein concentration and degree of dye labeling
were measured using a Thermofisher NanoDrop Nd-1000 microvo-
lume spectrophotometer. The same procedure was used for prepar-
ing SAv-CF640R. Concentration of SAv and CF640R-NHS ester in the



reaction mixture was 1 mg/mL and 120 mg/mL, respectively. To pre-
pare IgG-biotin, IgG (concentration in mixture: 1 mg/mL) was mixed
with biotin-NHS (concentration in mixture: 25 mg/mL) and then incu-
bated in bicarbonate buffer (0.1 M, pH 8.25) at room temperature for
2 h on rotor. Free biotin-NHS was then removed by centrifugation us-
ing Amicon 50K filter at 14,000 rcf at 4�C for 10 min. IgG-biotin con-
centration was measured using Nanodrop. The same procedure was
used for preparing CF488-IgG-biotin. The concentration of IgG-biotin
and CF488-NHS ester in the reaction mixture was 1 mg/mL and
80 mg/mL, respectively.
Fabrication of Moon particle sensors

Gold-coated Janus particles were fabricated following a previously
described protocol (21). Briefly, 3-mm silica particles were first etched
in piranha solution (3:1 v/v H2SO4 to 30% H2O2) at 80�C for 15 min
and then rinsed with deionized (DI) water. Next, particles were dried
in a desiccator for 30 min, resuspended in ethanol, and prepared
into monolayers on pre-etched glass microscope slides. The particle
monolayer was coated sequentially with chromium (15 nm thick) and
gold (30 nm) using an Edwards thermal evaporator (Nanoscale Char-
acterization Facility at Indiana University). The gold-coated particles
were sonicated off microscope slides in ethanol. Particles were
then centrifuged, washed with ethanol, and resuspended in 1.2 mL
3% v/v APTES ethanol solution. After incubation overnight, particles
were centrifuged and washed with ethanol and dried in a desiccator
for 30 min.

To fabricate IgG-coated pHMoon Sensors, Janus particles after the
APTES conjugation step were incubated with 0.34 mg/mL biotin-NHS
in 1 mL sodium bicarbonate buffer (0.1 M, pH 8.25) for 1 h on rotor,
followed by washing in phosphate-buffered saline (PBS). Particles
were then incubated for 25 min with a PBS solution containing 2%
(w/w) BSA. Afterward, SAv-pHrodo Red and SAv-CF640R were added
into the mixture at the concentration of 1 mg/mL and 7.5 mg/mL,
respectively. After 1 h incubation, particles were washed with PBS
and resuspended in PBS solution containing 4 mg/mL IgG-biotin for
another 1 h incubation. Particles were then washed in PBS buffer
and stored at 4�C hidden from light. Particle concentration in the so-
lution was estimated using a hemocytometer. To fabricate IgG-
coated proteolysis-Moon particle sensors, Janus IgG particles with
only CF640R-SAv were synthesized in the same protocol as above.
The particles were then incubated with 125 mg/mL (Phe-Arg)2-
Rh100 in PBS solution for 1 h. Particles were washed in PBS solution
and stored at 4�C hidden from light. To fabricate curdlan-coated
pHMoon Sensors, silica Janus particles after the APTES conjugation
step were mixed with 0.5 M CDI in anhydrous DMSO and the mixture
was vortexed at room temperature for 1 h. Afterward, particles were
rinsed and resuspended in DMSO containing 1 mg/mL curdlan. The
mixture was vortexed at room temperature for 2 h. Particles were
then rinsed with DMSO and PBS, and then incubated for 25 min in
PBS solution containing 2% (w/w) BSA. Afterward, SAv-pHrodo Red
and SAv-CF640R were added into the mixture at the concentration
of 1 mg/mL and 7.5 mg/mL, respectively. Particles were then washed
in PBS and stored at 4�C hidden from light.

Moon particles were created using a microcontact printing method
(23) in experiments where the spatial distribution of GFP markers on
phagosomes was examined to eliminate the possibility that the metal
coating on the Moon particles might affect the GFP fluorescence.
Briefly, the PDMS substrate was fabricated by mixing a base and a
curving agent at a 10:1 ratio to a total mass of 11 g in a Petri dish.
Subsequently, bubbles were removed by vacuum and the mixture
was baked overnight at 70�C. A 1 cm � 1 cm PDMS was prepared
and placed on a clean glass coverslip. A drop of piranha solution
(1:1 v/v H2SO4 to 30% H2O2) was applied on the stamp for 5 min, fol-
lowed by DI water wash. A drop of 5 mg/mL IgG-CF640R in a PBS so-
lution was applied onto the stamp and incubated for 25 min in
darkness. The stamp was then washed with PBS and DI water. After
air drying, the stamp was immediately pressed against a monolayer
of clean silica particles with a pressure of 1.5 � 104 Pa for 3 min.
The stamp was peeled off and placed in a 0.75 mL 50 mg/mL BSA
in a PBS solution. Particles were sonicated off, washed with PBS,
and harvested by centrifugation.
Live cell microscopy

Epifluorescence images were acquired using a Nikon Eclipse Ti mi-
croscope equipped with a Nikon 1.49 N.A. 100� TIRF objective, a Ha-
mamatsu ORCA-Fusion digital CMOS camera, and an Andor iXon3
EMCCD camera. Re-Scan confocal microscopy images were ac-
quired using the RCM module (by Confocal.nl) added on the Nikon
Eclipse Ti microscope. For live-cell imaging, 0.5 million RAW 264.7
macrophages were seeded on a pre-etched 30 mm coverslip over-
night before experiments. Cells were incubated in a serum-free me-
dium for 2 h and washed with PBS. Particles dispersed in 1 mL of
Ringer's solution were added to cells, followed by 30 s spin down
at 200 rcf. Live-cell imaging was performed at 37�C.

(1) In single-phagosome acidification rate and final pH measure-
ments, time-lapsemulti-channel epifluorescence images were ac-
quired to record the fluorescence emission of pHrodo Red (ex,
562 nm; em, 605 nm) and CF640R dyes (ex:, 640 nm; em,
700 nm). At the end of imaging each sample, cells were washed
and incubated in pH 4.5 potassium-rich buffer containing 10 mM
nigericin for 10 min for pH calibration. The fluorescence intensity
ratio between pHrodo Red and CF640R was converted to pH and
then plotted as a function of time. In single-phagosome acidifica-
tion standby time measurement, pHMoon particle sensors were
incubated with RAW 264.7 macrophages stably expressing
actin-GFP. The fluorescence emission of actin-GFP (ex, 482 nm;
em, 525 nm) was acquired together with pHrodo Red and
CF640R using epifluorescecnce microscopy. The time at actin-
GFP peak was set to 0 s, as it indicates the completion of phago-
cytosis (24). In Dectin-1-mediated phagosome acidification ex-
periments, curdlan pHMoon particle sensors were incubated
with RAW 264.7 macrophages stably expressing Dectin-1 GFP.

(2) In single-phagosome proteolysis measurements, proteolysis-
Moon particle sensors were incubated with RAW 264.7 macro-
phages stably expressing actin-mCherry. Time-lapse multi-chan-
nel epifluorescence images were acquired to record the
fluorescence emission of Rhodamine 110 from the peptide (ex,
482 nm; em, 525 nm), CF640R (ex, 640 nm; em, 700 nm), and
actin-mCherry (ex, 545 nm; em, 605 nm). The fluorescence inten-
sity of individual proteolysis-Moon Sensors was analyzed using
the same protocol for pHMoon particles.

(3) In single phagosome actin remodeling and PI(3)P recruitment ex-
periments, the fluorescence emission of 2�FYVE-GFP or actin-
GFP was acquired together with that of CF640R from the particle
sensors using epifluorescecnce microscopy. The GFP intensity of
the phagosomes was normalized by the local cytosolic GFP back-
ground. In GFP intensity vs. time plots, time at GFP intensity peak
was set to 0 s.

(4) In Rab7, LAMP1, and LC3 recruitment experiments, particles were
incubated with RAW 264.7 macrophages transiently transfected
with corresponding GFP-markers for 40 min before imaging.
Calibration of pHMoon Sensors

For extracellular calibration, pHMoon Sensors were added into 1 mL
pH 7.2 Ringer's solution in an imaging chamber. The buffer was then
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switched sequentially to a pH of 6.5, 5.5, and 4.5 Ringer's solution. At
each pH, the fluorescence emission of pHrodo Red and CF640R was
acquired using epifluorescecnce microscopy. Intracellular pH calibra-
tion of pH sensors was done following a previously published proto-
col (25,26). RAW 264.7 cells stably expressing actin-GFP were
seeded as described above. Cells were then incubated with 10 mM
concanamycinA in serum-free DMEM solution for 5 min. The medium
was switched to pH 7.2 Ringer's buffer and then pHMoon particles
were added to cells. After identifying actin-GFP signal increase, which
indicated particle phagocytosis, the Ringer's buffer was then replaced
sequentially with a pH of 7.2, 6.5, 5.5, and 4.5 potassium-rich buffers
containing 10 mM nigericin. At each pH, cells were rinsed twice in the
appropriate buffer and allowed to equilibrate for 10 min before image
acquisition. Fluorescence emission of pHrodo Red and reference dye
CF640R was obtained at each pH using epifluorescecnce micro-
scopy. Fluorescence intensity of individual pHMoon Sensors was
analyzed using single-particle tracking Matlab algorithm (25,27)
with some modifications. In live-cell acidification measurements, an
internal calibration curve was generated for individual pH sensors
based on their IpHrodoRed/ICF640R at pH 7.2 in cell and at pH 4.5 after
potassium-rich buffer calibration. This helped to eliminate the poten-
tial effect of particle-to-particle variation in pH calibration (25,26). To
measure pHMoon intensity as a function of particle orientation,
pHMoon Sensors were suspended in a mixture of glycerol and PBS
buffer (1:1 v/v). Fluorescence emission of pHrodo Red and reference
dye CF640R of single particles at different orientations was obtained
using epifluorescecnce microscopy as described above.
In vitro calibration of proteolysis-Moon Sensors

Proteolysis-Moon Sensors were mixed with 1 mg/mL trypsin in pH 7.2
Ringer's solution in 96-well plates. The concentration of particle sensors
was estimated using hemocytometer and the number of particle sen-
sors was kept the same in all samples. The fluorescence emission of
rhodamine 110 from the peptide (ex, 489 nm; em, 530 nm) was
measured for 1 h at 37�C using a Biotek Synergy H1microplate reader.
Immunofluorescence staining

Cells were seeded as described above. We added 1 mM Na3VO4 in the
serum-free medium and then cells were incubated with particles for
10 min at 37�C with 5% CO2. Cell samples were washed with ice-cold
PBS solution, fixed with 2% PFA on ice for 5 min, permeabilized with
acetone at �20�C for 5 min, blocked with 2% BSA and 22.5 mg/mL
glycine at room temperature for 30 min, and then stained with 2 mg/
mL Alexa Fluor 488 conjugated phospho-Syk antibody or Alexa Fluor
647 conjugated phospho-Syk antibody at room temperature for 1 h.
Sigmoidal-Boltzmann fitting

The pH-time plots of single phagosomes were fitted with the
sigmoidal-Boltzmann equation (28):

pHðtÞ ¼ pHfinal þ pHinitial � pHfinal

1þ e
t � t1=2

dt

;

in which t is time, pHinitial and pHfinal are the initial and final pH, respec-
tively, t1/2 is the half-response time when pH ¼ 1/2 (pHinitial þ pHfinal),
and dt is a constant. Slope at t1/2 is the acidification rate by definition:

Acidification Rate ¼ pHinitial � pHfinal

4dt
:
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After the phagocytosis point indicated by actin-GFP peak intensity
was set to 0 s, the acidification standby time was calculated as:

Acidification Standby Time ¼ t1=2 � 2dt

The fluorescence intensity of cleaved peptides from single phago-
somes also follows a sigmoidal-Boltzmann relationship with time:

IðtÞ ¼ Ifinal þ Iinitial � Ifinal

1þ e
t � t0
dt

;

in which I(t) is the normalized peptide intensity at time t, I0, and It are
the initial and final peptide intensity, respectively, t1/2 is the half-
response time when I(t) ¼ 1/2 (I0 þ It) and dt is a constant. The pro-
teolysis rate and proteolysis standby time were calculated the same
way as acidification.
Statistical analysis

The Kruskal-Wallis test with Dunn's test as a post hoc test was per-
formed for multiple-group comparisons. Statistical significance is
indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <

0.05, and not significant (ns) p > 0.05. Statistic figures were plotted
using OriginLab Pro 2021.
RESULTS

Fabrication and calibration of pHMoon particles

Tomeasure phagosomal acidification, the pHMoon Sen-
sors were prepared by first coating a thin layer of gold
film onto one hemisphere of 3-mm silica particles to
create a surface anisotropy, which was confirmed using
scanning electronmicroscopy (Fig. 1 B). The non-coated
silica hemisphere was biotinylated, conjugated with
pHrodo Red-streptavidin (SAv) and CF640R-SAv, and
then further functionalized with biotinylated immuno-
globulin G (IgG) (Fig. 1 A). The entire particles were
blocked with BSA. pHrodo Red is a pH indicator that
emits intense fluorescence in an acidic environment.
Itsfluorescence intensity is sensitive topHwithin a range
that matches the range of pH changes inside phago-
somes (29). CF640R was used as a reference dye due
to its photostability and pH insensitivity (Fig. S1). The
SAv serves as a cushion layer to separate the pHrodo
Red dye from the particle surface, as we observed that
pHrodo Red becomes insensitive to pH changes when
directly conjugated on particles (25). From fluorescence
images, we confirmed the anisotropic presentation of
SAv and IgG on pHMoon particles (Fig. 1 C).

To characterize the response of pHMoon particle
sensors, we measured the fluorescence intensity ratio
between pHrodo Red and CF640R (IpHrodo Red/ICF640R)
on single particle sensors both in buffer solutions and
in cells at different pH levels. Both extracellular
(Fig. S2 A) and intracellular calibration plots (averaged
plots in Fig. 1 D and individual plots in Fig. S2 C) show
that IpHrodoRed/ICF640R increases linearly with pH from



FIGURE 1 Fabrication and characterization of pHMoon Sensors. (A) Schematic illustration of the fabrication procedure of pHMoon Sensors.
(B) Scanning electronmicroscope image of particles half-coated with gold. (C) Bright-field and epifluorescence images of pHMoon Sensors. SAv
is the abbreviation for streptavidin. (D and E) Averaged intracellular calibration of pHMoon Sensors (n ¼ 19, R2 ¼ 0.9979) (D) and uniform pH
sensors (n ¼ 14, R2 ¼ 0.9970) (E). Error bar represents the standard deviation. (F) Ratiometric pHrodo Red/CF640R fluorescence of a single
pHMoon Sensor at different orientations imaged with epifluorescence microscopy. Scale bars in all images, 5 mm.
7.2 to 4.5, which is the range of pH expected during
phagosome maturation (9). To determine whether hav-
ing pHrodo Red-SAv and CF640R-SAv on only one
hemisphere affects the pH response of pHMoon parti-
cles, we performed the same pH calibration using par-
ticles that were uniformly functionalized with pHrodo
Red-SAv, CF640R-SAv, and IgG. These uniform parti-
cles exhibited pH responses that were similar to those
of pHMoon particles, confirming that the two-faced Ja-
nus geometry had no effect on pH measurements
(Figs. 1 E and S2, B and D). As the gold coating on
one hemisphere of the pHMoon particle sensors can
block fluorescence emission from the other hemi-
sphere, we further examined IpHrodoRed/ICF640R of single
pHMoon particles as they rotate to different orienta-
tions in glycerol. Consistent with what we reported pre-
viously, each pHMoon particle appeared like the moon
in projection epifluorescence images and its “cres-
cent”-shaped fluorescence profile changed as it rotated
(Fig. 1 F) (30). The IpHrodoRed/ICF640R of a single particle
remained constant at different particle orientations,
confirming that the pH response is not affected by par-
ticle orientation.
Effect of anisotropic ligand presentation of particles
on early phagosome markers and actin remodeling

We sought to investigate how the anisotropic presenta-
tion of ligands on particles affects the assembly of
phagosomes during phagocytosis. During this process,
the binding of fragment crystalizable gamma receptors
(FcgR) to IgG on particles drives membrane engulf-
ment. We therefore began by examining the activation
of FcgRs by IgG on the particle sensors. We immuno-
stained phosphorylated spleen tyrosine kinase (pSyk)
after stimulating cells with Moon particles (without
pHrodo Red dyes) for 10 min. Because Syk is recruited
to the cytoplasmic domain of activated FcRs and be-
comes phosphorylated for downstream signaling
(31), the presence of pSyk is a direct indicator of
FcgR activation. As shown in Fig. 2 A, we observed
intense immunofluorescence of pSyk on the portion
of a phagosome membrane that was in contact with
the IgG-coated hemisphere of the Moon particles.
The colocalized distribution of pSyk on phagosomes
and IgG on particles is further demonstrated by their
line-scan intensity distribution along the circumference
and across the diameter of phagosomes (Figs. S3–S5).
By comparison, pSyk was homogeneously distributed
on phagosomes encapsulating particles with a uniform
coating of IgG. Particles with only BSA blocking served
as a negative control, as they were known to be inter-
nalized by a macropinocytosis-like mechanism, not
mediated by phagocytic receptors (32). Negligible
pSyk labeling was observed on macropinosomes con-
taining particles with a uniform coating of BSA. These
results show that FcgRs are activated by IgG on parti-
cles and that their distribution on phagosomes follows
the spatial presentation of ligands. Because the bind-
ing of FcgR to IgG on particles drives membrane
Biophysical Reports 2, 100041, March 9, 2022 5



FIGURE 2 Distribution of pSyk and PI(3)P association on phagosomes containing Moon particles. pSyk was immunostained and PI(3)P was
marked by 2�FYVE-GFP. (A) Rescan confocal microscopy images and line-scan plots showing the pSyk distribution on phagosomes containing
Moon particles and uniform IgG (uIgG) particles, and on macropinosomes containing uniform BSA (uBSA) particles. (B–E) Representative PI(3)P
intensity-time plots showing different kinetics of PI(3)P on phagosomes: Symmetric one peak (B), asymmetric one peak (C), two peaks (D), and
multiple (>2) peaks (E). The time at 2�FYVE-GFP peak was arbitrarily set as time zero. (F) The percentage of phagosomes that exhibited a sym-
metric single peak (1S), an asymmetric single peak (1A), two peaks (2), or multiple (>2) peaks of PI(3)P association on phagosomes. (G) Sta-
tistical analysis of the duration of PI(3)P association on phagosomes containing uIgG particles (n ¼ 26) and Moon particles (n ¼ 39), and on
macropinosomes containing uBSA particles (n ¼ 33). Each data point is color-coded based on the number of PI(3)P peaks. Each boxplot indi-
cates the interquartile range from 25% to 75% of the corresponding data set. The mean and median are demonstrated as the square and the
horizontal line, respectively. Statistical significance is highlighted by p values (Kruskal-Wallis test with Dunn's test as a post hoc test for multiple-
group comparisons) as follows: ****p < 0.0001, ns p > 0.05. Scale bars in all images, 5 mm.
engulfment during phagocytosis, the partial coating of
ligands on Moon particles also affected the internaliza-
tion process. In RAW 264.7 macrophages stably ex-
pressing actin-GFP, actin polymerized rapidly around
particles during phagocytosis and then dissociated,
which is expected for ligand-guided phagocytosis of
uniform IgG particles (33). In contrast, actin was
distributed predominantly near the IgG-coated side
and later extended to the non-coated side during
phagocytosis of the Moon particles (Fig. S6 A). We
plotted actin intensity against time (Fig. S6 B), in which
the actin intensity peak indicates the time when phag-
osome formation was completed (24). Overall, the rela-
tive intensity of actin, which was normalized to the
cytosolic actin level, during phagocytosis of Moon par-
ticles was significantly less than that observed for uni-
form IgG particles (Fig. S6 C).

After the internalization of particles, the plasma
membrane-derived phagosomes recruit a series of
signaling molecules needed for maturation (9). To
test whether the phagosome membrane remodeling
is affected by the anisotropic presentation of ligands
6 Biophysical Reports 2, 100041, March 9, 2022
on particles they encapsulate, we examined the associ-
ation of phosphatidylinositol 3-phosphate (PI(3)P) with
phagosomes. PI(3)P is an early phagosome marker
required for maturation and phagolysosome formation
(34). It is either recruited through fusion with early en-
dosomes (35) or synthesized de novo on phagosome
membranes by phosphoinositide 3-kinase Vps34
(35,36). In RAW 264.7 macrophages transfected with
2�FYVE-GFP, which is a PI(3)P-binding sensor (37),
phagosomes containing particles with various ligand
presentations all displayed a homogeneous distribu-
tion of PI(3)P (Fig. S7 A). Phagosomes containing uni-
form IgG particles first exhibited an increase in
2�FYVE-GFP intensity, and then a decrease, resulting
in a nearly symmetric peak in the intensity vs. time
plot (Fig. 2 B). This indicates the transient association
of PI(3)P on phagosomes. Most phagosomes contain-
ing uniform IgG particles exhibited a similar single
2�FYVE-GFP peak (Fig. 2 F). In contrast, a large frac-
tion of phagosomes containing Moon particles and
macropinosomes containing uniform BSA particles ex-
hibited multiple peaks in 2�FYVE-GFP intensity (Fig. 2



FIGURE 3 Phagosome acidification measurements using pHMoon Sensors. (A and B) Epifluorescences images (A) and line plots (B) showing
changes of pH and normalized actin-GFP intensity of a representative phagosome containing a pHMoon sensor in an actin-GFP RAW 264.7
macrophage. The actin intensity was normalized to the cytosolic background level of actin. The time of internalization was identified as the actin
peak and was arbitrarily set as time zero to align all plots. The gray shaded area highlights the acidification standby time. (C) The averaged pH-
time plots of phagosomes containing different types of particle sensors as indicated: pHMoon (n¼ 38), uniform IgG (uIgG) (n¼ 34), and uniform
BSA (uBSA) (n¼ 33). Error bar represents the standard error of the mean. To align all data plots, the acidification onset was arbitrarily set to 200
s. (D and E) Statistical analysis of acidification rate (D) and final pH (E) of single phagosomes encapsulating uIgG particles (n ¼ 34), pHMoon
particles (n ¼ 38), and macropinosomes containing uBSA particles (n ¼ 33). (F) Statistical analysis of acidification standby time of single phag-
osomes containing uIgG particles (n ¼ 61), Moon particles (n ¼ 59), and macropinosomes containing uBSA particles (n ¼ 36). Each boxplot
indicates the interquartile range from 25% to 75% of the corresponding data set. The mean and median are demonstrated as the square and
the horizontal line, respectively. Statistical significance is highlighted by p values (Kruskal-Wallis test with Dunn's test as a post hoc test for mul-
tiple group comparisons) as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, ns p > 0.05. Scale bars in all images, 5 mm.
D and E), which indicates repeated association and
dissociation of PI(3)P (Fig. 2 B). Additionally, the disso-
ciation of 2�FYVE-GFP was slower, resulting in asym-
metric peaks in the 2�FYVE-GFP intensity plots
(Fig. 2 C). As a result of the slower dissociation and
repeated association-dissociation of PI(3)P, phago-
somes containing Moon particles were associated
with PI(3)P for an overall prolonged duration than phag-
osomes containing uniform IgG particles (Figs. 2 G and
S7 B). The PI(3)P association results demonstrate the
striking differences in early phagosome remodeling be-
tween phagosomes containing Moon particles and
ones containing uniform IgG particles.
Effect of particles with an anisotropic ligand
presentation on phagosome acidification

Following transient association with PI(3)P, phago-
somes acidify in their lumen. Acidification is a key
step in the degradation of encapsulated pathogens
and is driven by proton pump V-ATPases that are deliv-
ered by endosomes and lysosomes that fuse with
maturing phagosomes (38). We examined how the
asymmetric presentation of IgG on Moon particles af-
fects this process. We used RAW 264.7 macrophages
expressing actin-GFP so that we could quantify when
acidification started relative to the completion of phag-
osome formation, which is indicated by a peak in actin
intensity (24). The pHMoon particle sensors were
imaged (in both pHrodo Red and CF640R channels)
simultaneously with actin-GFP in cells after the parti-
cles were added to cells (Fig. 3 A). The measured fluo-
rescence intensity ratio IpHrodoRed/ICF640Rwas converted
to pH based on the calibration plots. We observed that
phagosomes acidified in three stages (Fig. 3 B). In the
first stage, the phagosome lumen remained at a neutral
pH of 7.2 for a few minutes after the completion of
internalization, which was indicated by the intensity
peak of actin-GFP. The period from time of phagosome
completion (actin peak) to the time when rapid
Biophysical Reports 2, 100041, March 9, 2022 7



acidification starts is referred as “acidification standby
time.” In the second stage phagosomes rapidly acidi-
fied from pH 7.2 to pH 5.0 within a few minutes, and
then remained acidic at a final pH of 4.7 in the final
stage. For quantification, the pH-time plots of single
phagosomes were fitted with a sigmoidal-Boltzmann
equation (28). The slope at the half response time is
the acidification rate by definition. The acidification
standby period of single phagosomes was then calcu-
lated as the time from the peak of actin-GFP intensity
to the onset of rapid acidification (highlighted as the
gray shaded area in Fig. 3 B). We found that the
pHMoon-containing phagosomes acidified at an
average rate of 0.36 5 0.23 pH U/min and reached
an average final pH of 4.85 0.3. The average acidifica-
tion standby time was 13.4 5 8.5 min. By comparison,
phagosomes containing uniform IgG particles acidified
at an average rate of 0.645 0.40 pH to a final pH of 4.7
5 0.3, whereas phagosomes containing uniform BSA
particles acidified at a rate of 0.28 5 0.18 pH U/min
to a final pH of 5.1 5 0.3 (Fig. 3 D and E). Meanwhile,
the pHMoon-containing phagosomes exhibited the
longest acidification standby time (Fig 3 F). We found
the delayed onset of acidification was correlated with
the prolonged association of PI(3)P on pHMoon-con-
taining phagosomes (Fig. S7 C–E).

Because pHMoon particles differ from uniform IgG
particles in both the spatial presentation of ligands
and the absolute amount of ligands, we next tested
which one of these factors caused the differences in
phagosome acidification. We systematically increased
the total amount of IgG on uniform IgG particles by
doubling and then quadrupling it. The different
amounts of ligands were confirmed by noting the in-
crease of intensity of fluorescently labeled IgG on par-
ticles. The acidification rate, final pH, and standby time
of phagosomes containing uniform IgG particles with
1�, 2�, and 4� ligand density (Fig. S8 A) showed no
statistical difference (Fig. S8 B–D). This result indi-
cates that the amount of IgG on particles does not
affect phagosome acidification. Therefore, we
conclude that the asymmetric ligand presentation on
pHMoon particles, rather than the amount of ligand
present, was the cause of the changes in phagosome
acidification, including both their delayed start and
the slowdown of acidification kinetics. The surface
anisotropy, however, exerted no effect on the final pH
(Fig. 3 C).
Effect of particles with anisotropic ligand
presentation on phagosomal proteolysis

Facilitated by acidification, phagosomal proteolysis is a
key process in maturation in which engulfed pathogens
are degraded by proteases such as cysteine cathepsins
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(39). To detect phagosomal proteolysis, we designed
proteolysis-Moon Sensors which included a fluorgenic
peptide (CBZ-Phe-Arg)2-R110 (rhodamine 110, bis-(N-
CBZ-L-phenylalanyl-L-arginine amide), dihydrochloride)
on the particle surface. This rhodamine 110-based bis-
peptide is non-fluorescent, but cleavage of one or both
of the peptides by proteases results in a rhodamine
110 derivative that emits intense fluorescence (Fig. 4
C) (40). Specifically, proteolysis-Moon particles were
conjugated with CF640R-SAv as the reference dye and
then coated with the fluorogenic peptide by physical
adsorption (Fig. 4 A and B). We calibrated the proteolytic
response of the sensors in the presence of the protease
trypsin in vitro (Fig. S9). The result shows that the prote-
olysis-Moon Sensors and uniform proteolysis sensors
were coated with the same amount of peptides.

In RAW 264.7 macrophages stably transfected with
actin-mCherry, we observed an intense increase in
rhodamine 110 fluorescence from phagosomes within
20 min after completion of internalization. The time of
internalization is indicated by the peak of actin inten-
sity. The rhodamine 110 eventually reached a plateau
(Fig. 3 C and D). The slope of the peptide fluorescence
indicates the proteolytic capacity of phagosomes, and
the plateau likely occurred when all the peptides on par-
ticles have been digested (41). As with the phagosome
acidification plots, the fluorescence intensity of
cleaved peptides from single phagosomes follows a
sigmoidal-Boltzmann relationship with time. The slope
at the half response time is the proteolysis rate. The
time difference from internalization to the start of pro-
teolysis is defined as the proteolysis standby time.
Similar to the acidification standby results, phago-
somes containing proteolysis-Moon particles had a de-
layed start of proteolysis (21.8 5 7.0 min) compared
with phagosomes containing uniform IgG particles
(16.15 6.8 min) (Fig. 4 E). However, they had a similar
proteolysis rate, both of which were greater than that of
the macropinosomes containing uniform BSA particles
(Fig. 4 F). Previous studies have shown that proteases
are more active in an acidic medium (42). Therefore,
the delayed start of proteolysis in phagosomes con-
taining the proteolysis-Moon particles is likely a conse-
quence of delayed acidification. Results from the pH
and proteolysis measurements altogether reveal two
effects of anisotropic ligand presentation on phago-
some maturation. It delays the onset of both acidifica-
tion and proteolysis and slows down the kinetics of
acidification. However, all this ultimately has no effect
on the final pH or the proteolysis rate of phagosomes.

We further quantified the degradative capacities of
phagosomes by labeling a few membrane markers:
Ras-related protein Rab-7 (Rab7), lysosomal-associ-
ated membrane protein 1 (LAMP1), and microtubule-
associated protein 1A/1B-light chain 3 (LC3). Rab7 is



FIGURE 4 The degradative capability of phagosomes containing Moon particles. (A) Schematic illustration of the fabrication procedure of pro-
teolysis-Moon particle sensors. (B) Bright-field and epifluorescence images of a proteolysis-Moon particle sensor. (C and D) Epifluorescence
images (C) and line plots (D) showing intensity changes of a proteolysis-Moon particle sensor and actin-mCherry during phagosomematuration
in a RAW 264.7 macrophage expressing actin-mCherry. The actin intensity was normalized to its cytosolic background level. The actin peak
indicates the time of internalization and was arbitrarily set as time zero to align all line plots. The gray shade highlights the proteolysis standby
time. (E and F) Statistical analysis of proteolysis standby time (E) and proteolysis rate (F) of single phagosomes containing proteolysis-Moon
particles (n ¼ 29) and uniform IgG (uIgG) particles (n ¼ 30), and of macropinosomes containing uniuBSA particles (n ¼ 25). (G) The percentage
of LC3þ phagosomes containing uIgG particles (n ¼ 427) and Moon particles (n ¼ 446), and LC3þmacropinosomes containing uBSA particles
(n ¼ 384). Particles were incubated with cells for 40 min before imaging. (H) Statistical analysis of final pH of LC3þ phagosomes and LC3–
phagosomes. LC3þ phagosomes containing uIgG particles (n ¼ 17), LC3– phagosomes containing uIgG particles (n ¼ 16), LC3þ phagosomes
containing pHMoon particles (n ¼ 19), LC3– phagosomes containing pHMoon particles (n ¼ 16), macropinosomes containing uBSA particles
(n¼ 10). Each boxplot indicates the interquartile range from 25% to 75% of the corresponding data set. The mean and median are demonstrated
as the square and the horizontal line, respectively. Statistical significance is highlighted by p values (Kruskal-Wallis test with Dunn's test as a post
hoc test for multiple-group comparisons) as follows: ***p < 0.001, **p < 0.01, ns p > 0.05. Scale bars in all images, 5 mm.
a marker for late phagosomes and LAMP1 is a phago-
lysosome marker (43). LC3 is not a prerequisite for
phagosome maturation, but its presence marks phago-
somes that acidify rapidly and degrade pathogens effi-
ciently (44,45). We found that all three markers were
distributed homogeneously over the phagosomes con-
taining particles with different ligand presentations
(Fig. S10 A–C). The percentage of marker positive
phagosomes was similar for phagosomes containing
Moon particles and phagosomes containing uniform
IgG particles. By comparison, a much smaller fraction
of macropinosomes containing uniform BSA particles
were marked for Rab7, LAMP1, and LC3, indicating
the lower degradative capacity (Figs. 4 G, S10 D, and
E). Particularly, by separating the LC3þ and LC3�
phagosomes, we found that the LC3þ phagosomes
have lower final pH than LC3� phagosomes, which
confirms the correlations between phagosome pH
and degradation function (Figs. 4 H and S11). We
have shown that the anisotropic ligand presentation
on particles had no effect on either of the parameters.
Generality of findings in Dectin-1-mediated
phagocytosis

To test the generality of our results from FcgR-medi-
ated phagocytosis, we fabricated pHMoon particles
coated with curdlan, a ligand for triggering Dectin-1-
mediated phagocytosis (46,47). Dectin-1 is a pattern
recognition receptor and like FcgRs, signals through
tyrosine-based activation motif (48). To prepare cur-
dlan-coated pHMoon particles, 3-mm silica particles
were aminated and covalently conjugated with curdlan
before the anisotropic coating of gold, but the remain-
ing fabrication procedure was the same as for IgG-
coated pHMoon particles (Fig. 5 A). Those particles
also exhibited similar pH-dependent fluorescence
emission (Fig. S12). Immunofluorescence images
Biophysical Reports 2, 100041, March 9, 2022 9



FIGURE 5 Dectin-1 receptor-mediated phagosome maturation measured by curdlan pHMoon Sensors. (A) Schematic illustration of the fabri-
cation procedure of curdlan pHMoon Sensors. (B) Bright-field and epifluorescence images of curdlan pHMoon Sensors. (C–E) Statistical anal-
ysis of acidification rate (C), final pH (D), and acidification standby time (E) of single phagosomes encapsulating curdlan pHMoon particles (n ¼
21), uniform curdlan (uCurdlan) particles (n ¼ 22), and macropinosomes containing uniform BSA (uBSA) particles (n ¼ 21). Each boxplot indi-
cates the interquartile range from 25% to 75% of the corresponding data set. The mean and median are demonstrated as the square and the
horizontal line, respectively. Statistical significance is highlighted by p values (Kruskal-Wallis test with Dunn's test as a post hoc test for multiple
group comparisons) as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05. Scale bars in all images, 5 mm.
reveal that the phagosome distribution of pSyk, which
is a key signaling molecule downstream of Dectin-1
activation (48), follows the distribution of curdlan on
particles (Fig. S13). The pHMoon-containing phago-
somes acidified at a slower rate than those containing
uniform curdlan particles (Fig. 5 C) and had the longest
acidification standby time (Fig. 5 E). However, the
anisotropic presentation of curdlan on particles had a
negligible effect on the final pH of phagosomes
(Fig. 5 D). These observations are strikingly similar to
results from the FcgR-mediated phagosome matura-
tion. Because FcgR and Dectin-1 represent different
classes of innate immune receptors, this demonstrates
the generality of our findings.
DISCUSSION

In this study, we investigated the effect of particles with
an anisotropic ligand presentation on the degradative
function of phagosomes. The key new technique used
in this study is the Moon particle sensors that not only
have anisotropic ligand presentation, but also enable
the in situ imaging of acidification and proteolysis within
single phagosomes. Using the Moon particles, we
discovered that the anisotropic distribution of ligands
differentially affects phagosome maturation and degra-
dation. It delays the start of acidification and proteolysis
10 Biophysical Reports 2, 100041, March 9, 2022
in phagosomes, slows down the kinetics of acidification,
and changes the membrane remodeling at the early
stage of phagosome maturation. It, however, does not
affect the final degradative capacity of phagosomes.
The observations are general for phagocytosis medi-
ated by either FcgR or Dectin-1 receptors, two represen-
tative classes of immune receptors in host-pathogen
interactions. This finding demonstrates a mechanism
by which the surface anisotropy of microbes impacts
the progression of the degradation processwithin phag-
osomes during host-pathogen interactions.

There is increasing evidence demonstrating that bac-
teria and fungi have anisotropic surfaces (5,6). Howev-
er, there is virtually nothing known about how such
microbial surface anisotropy might impact microbial
interactions with host immune cells. While studies us-
ing synthetic particles as model pathogens have exten-
sively examined how the physiochemical properties of
phagocytic cargos impact the phagocytosis process,
almost all studies were focused on particles with uni-
form surface chemistry. In our previous study, we
showed that an anisotropic coating of ligands on parti-
cles alters the mechanism of their internalization
(21,22). Results from this study added new insights
into the effects of particle surface anisotropy on phag-
osome maturation and degradation, which occur after
internalization. Together, the results broaden our view



of the functional consequences of surface anisotropy
on bacteria and fungi. Many bacteria have been found
to alter their cell surface as a way to adapt to environ-
mental changes. For example, it was suggested that
Escherichia coli develops resistance to ampicillin by
changing the morphology, biopolymer grafting density,
and rigidity of its cell wall (49). Pseudomonas aerugi-
nosamodulates the synthesis and structure of lipopoly-
saccharide on the outer membrane during chronic
infections and in response to antibiotic treatments
(50). While the particles used in our study do not fully
represent bacteria, our results suggest that intracellular
pathogens might use the anisotropic distribution of cell
wall components to delay the onset of phagosome
degradation as a possible strategy to prolong their sur-
vival and thus increase the probability of infection in-
side host immune cells. We expect that the Moon
particle sensors will be useful tools for detailed inves-
tigation on the interplay between surface anisotropy
and other physiologically relevant factors, such as re-
ceptor-ligand affinity, in host-pathogen interactions.
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