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ABSTRACT: Gas vesicles (GVs) are genetically encoded, air-
filled protein nanostructures of broad interest for biomedical
research and clinical applications, acting as imaging and
therapeutic agents for ultrasound, magnetic resonance, and optical
techniques. However, the biomedical applications of GVs as
systemically injectable nanomaterials have been hindered by a lack
of understanding of GVs’ interactions with blood components,
which can significantly impact in vivo behavior. Here, we
investigate the dynamics of GVs in the bloodstream using a
combination of ultrasound and optical imaging, surface function-
alization, flow cytometry, and mass spectrometry. We find that
erythrocytes and serum proteins bind to GVs and shape their
acoustic response, circulation time, and immunogenicity. We show that by modifying the GV surface we can alter these interactions
and thereby modify GVs’ in vivo performance. These results provide critical insights for the development of GVs as agents for
nanomedicine.
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Nanomaterials are becoming increasingly important for
biomedical applications such as drug delivery, medical

imaging, and diagnostics.1 In these contexts, nanoparticle
behavior is significantly impacted by the cells and proteins
encountered within the bloodstream. Serum proteins rapidly
adsorb to nanoparticle surfaces, forming a protein corona that
alters their physicochemical properties and recognition by the
body.2−5 The corona’s composition can predict factors such as
pharmacokinetics, biodistribution, toxicity, and cellular up-
take.6−8 Modification strategies often involve covering the
particle surface with hydrophilic polymers such as poly-
(ethylene glycol) (PEG) and other ligands.9 Additionally,
some nanomaterials bind to erythrocytes (RBCs), affecting
imaging contrast,10 biodistribution,11 and circulation time.12

Gas vesicles (GVs) are an emerging nanomaterial with great
potential as agents for imaging and therapy.13 These air-filled
protein nanostructures are naturally produced by certain
aquatic microbes for buoyancy regulation.14 GVs comprise a
2 nm thick protein shell that excludes liquid water but permits
the dynamic exchange of gas, forming a thermodynamically
stable pocket of air with nanoscale dimensions.14 Acoustic
waves are strongly scattered at this air−water interface,
enabling GVs to produce robust ultrasound contrast when
injected into the body15−17 or expressed in engineered
cells.18,19 Furthermore, they are resilient to repeated
insonation,15 easily tailored to target molecular markers20−22

or respond to biological functions,23,24 and have growing
applications in therapeutic ultrasound,25,26 optical imaging,27,28

and magnetic resonance imaging.29,30 To effectively incorpo-
rate these capabilities into an injectable agent, a deeper
understanding of in vivo GV behavior is needed.

In this study, we investigate GV interactions with RBCs and
serum proteins, develop surface functionalization techniques to
modulate these interactions, and evaluate the downstream
effects on the acoustic response, circulation time, and
immunogenicity. We characterize GVs’ protein corona and
identify molecular pathways governing their in vivo fate. This
analysis offers valuable insights for the ongoing development
and optimization of injectable nanoparticles and GV-based
agents.

We began by studying the behavior of GVs after intravenous
(IV) administration. We visualized circulating GVs with
ultrafast power Doppler ultrasound imaging, leveraging their
ability to enhance blood flow contrast.16 Targeting a single
coronal plane in the mouse brain, we acquired images at a

Received: July 25, 2023
Revised: November 10, 2023
Accepted: November 13, 2023
Published: November 20, 2023

Letterpubs.acs.org/NanoLett

© 2023 The Authors. Published by
American Chemical Society

10748
https://doi.org/10.1021/acs.nanolett.3c02780

Nano Lett. 2023, 23, 10748−10757

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

C
A

L
IF

O
R

N
IA

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
D

ec
em

be
r 

13
, 2

02
3 

at
 1

9:
01

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bill+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong+Hoon+Ko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Stordy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuwei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tighe+F.+Didden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dina+Malounda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+B.+Swift"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+B.+Swift"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Warren+C.+W.+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikhail+G.+Shapiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c02780&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/23?ref=pdf
https://pubs.acs.org/toc/nalefd/23/23?ref=pdf
https://pubs.acs.org/toc/nalefd/23/23?ref=pdf
https://pubs.acs.org/toc/nalefd/23/23?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


15.625 MHz center frequency and a 0.25 Hz frame rate
(Figure 1A). After a 5 min baseline, we injected 100 μL of 5.7
nM GVs purified from Anabaena flos-aquae31 (Ana) and
monitored the ensuing changes in hemodynamic signal. In
healthy BALB/c mice, contrast reached an initial peak within 1
min, followed by a larger peak 3.5 min later, and then returned
to baseline over approximately 30 min as GVs were cleared by
the liver24 (Figure 1B). Intensities at the first peak were
consistent across trials but varied significantly at the second
peak (Figure 1C).

We next investigated the cause of this dual-peak
phenomenon. We hypothesized that the first peak was due
to dispersion of free-floating GVs throughout the bloodstream,

as its onset time matched the vascular distribution kinetics of
other nanoparticle and small molecule contrast agents.32,33

Furthermore, the intensity of the first peak correlated linearly
with injected dose, suggesting that it is directly governed by
GV concentrations in the blood (Figure S1). In comparison,
the intensity of the second peak appeared to plateau at higher
doses, suggesting a binding interaction.

We hypothesized that the second peak arose from an
increase in acoustic backscatter due to GV clustering.15 We
observed similar contrast enhancement dynamics in immuno-
competent BALB/c (Figure 1B) and immunocompromised
NSG mice (Figure S2), which lack both B cells and T cells, and
therefore suspected an antibody-independent mechanism such

Figure 1. GV adsorption to RBCs contributes to a second peak of the hemodynamic ultrasound contrast. (A) Diagram of the in vivo imaging setup.
Intravascular dynamics of IV injected GVs were visualized by transcranial ultrafast power Doppler imaging of the brain. (B) Time courses of
Doppler signal enhancement in immunocompetent BALB/c mice following injection of 100 μL of 5.7 nM GVs. N = 5. Dashed gray line, time of
injection (300 s); dashed blue line, peak 1 (350 s); dashed red line, peak 2 (480 s). (C) Signal enhancement at the indicated peaks in time courses
from panel B. Points from the same trial are connected. N = 5. Paired t test, (**p < 0.01). (D) Diagram of the RBC binding assay. Ultrasound
imaging: RBCs were incubated with GVs modified to produce nonlinear signal, washed by centrifugation, and loaded into an agarose phantom for
nonlinear AM imaging. Flow cytometry: RBCs were incubated with fluorescently labeled GVs, washed by centrifugation, stained with anti-TER-
119, and analyzed by flow cytometry. (E) Acoustic detection of adsorbed GVs. Left: representative ultrasound images of RBCs mixed with GVs.
AM signal is overlaid on a B-mode image to show sample outlines. Scale bars: 1 mm. Right: mean AM signal intensity within each well. N = 18−60.
Error bars: ±SEM. Welch’s t test (****p < 0.0001). (F) Flow cytometric detection of GVs adsorbed to RBCs. Left: representative scatter plots of
washed RBCs, gated for single cells. The gating strategy is shown in Figure S5. Right: mean fluorescence of TER-119+ cell population. RBC, N =
11; RBC+Ana, N = 18. Error bars: ±SEM. Welch’s t test (****p < 0.0001).
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Figure 2. Surface passivation reduces RBC binding and extends the circulation time. (A) Reaction scheme for GV functionalization. Alkynes were
conjugated to lysines on the GV surface, and polymers were attached through a CuAAC reaction. (B) DLS measurements of the hydrodynamic
diameter. N = 8−12. Error bars: ±SEM. Welch’s t test (*p < 0.05; ****p < 0.0001; n.s, p ≥ 0.05). (C) Zeta-potential measurements of engineered
GVs. N = 5−11. Error bars: ±SEM. Welch’s t test (*p < 0.05; ****p < 0.0001). (D) Normalized optical density at 600 nm as a function of
hydrostatic pressure. N = 4. Thick lines: mean; shaded areas: ±SEM (E) Left: representative B-mode images of Ana and Ana-PEG embedded in an
agarose phantom. Right: mean B-mode signal intensities were within each well. N = 48. Error bars: ±SEM. Welch’s t test (n.s., p ≥ 0.05). (F) Flow
cytometric detection of fluorescently labeled Ana-PEG adsorbed to RBCs. Left: representative dot plot of washed RBCs, gated for single cells.
RBCs are stained with anti-TER-119. Right: mean fluorescence of TER-119+ cell population. N = 18. Ana and RBC-only controls from Figure 1F
are shown as a reference. Error bars: ±SEM. Welch’s t test (*p < 0.05; ****p < 0.0001). (G) Acoustic detection of Ana-PEG modified to produce
nonlinear contrast. Left: representative ultrasound images of RBCs were mixed with Ana-PEG. The AM signal is overlaid on a B-mode image.
Right: AM signal intensities were normalized to their respective GV-only samples. N = 6. Normalized data from Figure 1E are shown for
comparison. Error bars: ±SEM. Welch’s t test (**p < 0.01; ****p < 0.0001). (H) Time courses of ultrafast power Doppler signal enhancement
following injection of Ana-PEG into BALB/c mice. N = 5. Dashed line is the time of injection (300 s). (I) Half-life of GV-induced signal
enhancement calculated by fitting time courses in Figure 1B (Ana) and Figure 2H (Ana-PEG) to an exponential decay function. Error bars: ±SEM.
Welch’s t test (*p < 0.05).
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as adsorption to RBCs, as previously seen with nanobubbles.10

To evaluate this concept, we calculated the theoretical
scattering cross section34 of RBC-GV complexes. Modeled as
uniform spheres with volume-weighted physical properties, the
scattering cross section increased with the number of adsorbed
GVs and was greater than that of dispersed particles (Figure
S3).

To quantify adsorption, we exposed purified mouse RBCs in
phosphate-buffered saline (PBS) to GVs that were modified to
produce nonlinear ultrasound contrast.22 The RBCs were
maintained at approximately 4% hematocrit (10% of whole
blood) to facilitate uniform mixing, while the GVs were at
concentrations approximating in vivo conditions following
vascular dispersion (0.2 nM). After 1 h, we loaded the samples
into an imaging phantom and detected GVs specifically with an
amplitude modulation (AM) pulse sequence35 (Figure 1D).
Signal intensities for RBC and GV controls were 5.12 ± 0.03
and 17.89 ± 0.42 AU, respectively, and increased to 23.85 ±
0.53 AU after mixing. After centrifugation to remove unbound
GVs, 7.74 ± 0.11 AU (21% of GV control) was retained
(Figure 1E). Notably, GV contrast was less impacted by RBC
addition in the presence of serum, suggesting a reduction in
the extent of adsorption (Figure S4).

We validated these results by exposing RBCs in 1% bovine
serum albumin (BSA) in PBS to GVs labeled with fluorescent

dye. After 1 h, we washed the cells thoroughly to remove
loosely bound GVs and analyzed them by flow cytometry
(Figures 1D and S5). The mean fluorescence of the population
doubled from 0.53 ± 0.01 to 1.17 ± 0.09, with 0.5% of the
RBCs showing significant binding (Figure 1F).

Taken together, our data suggest that increased acoustic
backscatter from GV adsorption to RBCs could contribute to
the delayed wave of hemodynamic contrast. Consistent with
previous studies on nanoparticle adhesion to RBCs,36−38

binding saturated at higher doses (Figure S1) and was
diminished in the presence of competing proteins such as
serum (Figure S4). The ability of serum proteins to inhibit
binding suggests that this process occurs primarily through
nonspecific adsorption, though specific biomolecular inter-
actions cannot be excluded. In the body, it may operate in
concert with other mechanisms, such as serum-induced
aggregation, to influence acoustic contrast�a phenomenon
that we examine below.

To minimize RBC adsorption, we engineered GVs coated
with methoxypoly(ethylene glycol) (mPEG), a widely used
polymer for nanoparticle passivation.9 We functionalized
lysines on the GV surface with alkyne groups and attached
10 kDa mPEG-azides through a copper-catalyzed azide−alkyne
cycloaddition (CuAAC) (Figure 2A). This size of mPEG has
previously shown efficacy with GVs39 and is expected to graft

Figure 3. Serum exposure can cause GVs to aggregate. (A) Diagram of the serum incubation assay. GVs (0.23 nM) were incubated in 80% mouse
serum for 1 h at 37 °C. (B) Optical detection of GV flotation. Left: representative transillumination images of serum-incubated GVs. Right: ratio of
optical densities in manually drawn ROIs at the surface and in the subnatant of each sample. Representative ROIs are shown above the plot. Error
bars: ±SEM. Welch’s t test compared to preincubation samples (*p < 0.05; ****p < 0.0001; n.s, p ≥ 0.05). (C) Representative TEM images of
GVs before and after exposure to serum from outbred mice. Inset shows a transillumination image of the corresponding sample. Scale bars: 500 nm.
Additional images are shown in Figure S9. (D) Ultrasound imaging of GVs following incubation in PBS or outbred mouse serum. Top:
representative B-mode images. Scale bars: 1 mm. Bottom: mean signal intensity within each well. N = 48. Error bars: ±SEM. Welch’s t test (****p
< 0.0001; n.s, p ≥ 0.05).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02780
Nano Lett. 2023, 23, 10748−10757

10751

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in a brush conformation based on mass spectrometric
estimates of alkyne density (Figure S6). We will refer to
unmodified GVs as Ana and to functionalized GVs as Ana-
PEG. Consistent with the addition of a PEG layer, dynamic
light scattering (DLS) showed an increase in hydrodynamic
diameter from 240 ± 4 to 370 ± 12 nm (Figure 2B), while the
zeta-potential neutralized from −56 ± 1.5 to −5 ± 0.3 mV
(Figure 2C). We next performed pressurized absorbance
spectroscopy, which tracks optical density under increasing
hydrostatic pressure to determine the threshold at which GVs
collapse, providing a convenient measure of structural
integrity.15,31 Ana and Ana-PEG collapsed at 600 and 450
kPa, respectively, suggesting that attachment of mPEG mildly
destabilized the GV shell but that most of its strength was
intact (Figure 2D). Incubation with mPEG or CuAAC
reagents separately had no effect (Figure S7), while direct
functionalization with NHS-PEG severely compromised shell
stability and failed to shield surface charge (Figure S8). B-
mode ultrasound contrast from both GV types was equivalent
(Figure 2E).

Next, we evaluated the effectiveness of this coating at
reducing the RBC adsorption. As before, we mixed purified
mouse RBCs with fluorescently labeled Ana-PEG for 1 h,
removed loosely bound GVs by centrifugation, and analyzed
the cells by flow cytometry (Figure 1D). Less than 0.1% of
cells exhibited significant binding, with mean fluorescence of

the population only increasing to 0.63, compared to 1.17 for
Ana (Figure 2F). Likewise, less than 5% of the ultrasound
signal was retained after washing away unbound Ana-PEG
compared to 21% with Ana (Figure 2G).

Having confirmed the reduced adsorption of Ana-PEG to
RBCs, we assessed their in vivo behavior. Following IV
injection of 100 μL of 5.7 nM Ana-PEG into healthy BALB/c
mice, hemodynamic contrast reached a maximum within 1 min
before returning to baseline monotonically (Figure 2H). The
timing and magnitude of enhancement at this peak were
consistent with the first peak observed after Ana injection
(Figure 1B), supporting our hypothesis that this initial peak
resulted from vascular distribution. Unlike in the Ana time
course, however, a second peak of contrast enhancement was
not observed. Fitting these time courses to an exponential
decay model, we found that PEGylation increased apparent
circulation half-life from 560 ± 51 to 840 ± 56 s (Figure 2I).

GV aggregation is an alternative mechanism to increasing
acoustic backscatter15 which cannot be excluded by the results
presented thus far. Because of their highly charged surfaces
(Figure 2C), GV aggregation is unlikely to occur sponta-
neously40 and would most likely be facilitated by a component
within serum. To test this idea, we incubated Ana and Ana-
PEG in 80% serum from naıv̈e BALB/c, NSG, and outbred
non-Swiss mice for 1 h at 37 °C and measured flotation, a
reliable indicator of clustering,15 by comparing optical densities

Figure 4. Antibody reactions to GVs. (A) Timeline of GV injections. Immunocompetent mice were injected with two doses of 100 μL of 5.7 nM
Ana or Ana-PEG, separated by either 1 or 4 weeks. Ultrafast Doppler imaging was performed at each injection. (B) Time courses of hemodynamic
signal enhancement following administration of Ana. Thick lines: mean; shaded area: ±SEM; dashed line: time of injection (300 s). N = 4−5. (C)
Peak enhancement of time courses in panel B. Error bars: ±SEM. (D) Circulation half-life calculated by fitting time courses in panel B to an
exponential decay function. Error bars: ±SEM. Welch’s t test (*p < 0.05; **p < 0.01). (E) Time courses of hemodynamic signal enhancement
following administration of Ana-PEG. Severe hypotension occurred within 5 min of injection, resulting in a sharp drop in the hemodynamic signal.
Thick lines: mean; shaded area: ±SEM; dashed lines: time of injection (300 s) or onset of hypotension (500 s). N = 4−5. (F) Survival rate
following GV administration. All mice dosed with Ana recovered after both injections. Several mice dosed with Ana-PEG did not recover after the
second injection. N = 5 at each time point. (G) GV aggregation in the presence of anti-GV antibodies. Left: representative transillumination images
of GVs incubated in serum prepared from mice 10 days postimmunization. Right: ratio of optical density at the surface relative to that of the
subnatant. Values from incubation in naıv̈e BALB/c serum (Figure 3B) are included for comparison. N = 3−4. Error bars: ±SEM. Welch’s t test
(**p < 0.01; ****p < 0.0001; n.s, p ≥ 0.05).
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at the surface and in the subnatant (Figure 3A). We included
NSG mice due to their lack of antibodies, while the genetic
heterogeneity of outbred mice increases the likelihood of
forming native antibodies41 against GVs. Prior to incubation,
the optical density ratio was 1.1 for both GV types and
increased only slightly in BALB/c and NSG serum (without
statistical significance; Figure 3B). Upon exposure to outbred
serum, Ana formed a distinct buoyant layer (ratio 1.9 ± 0.05),
while Ana-PEG showed a less pronounced increase (ratio 1.3
± 0.04). Preincubation transmission electron microscopy
(TEM) images contained only discrete particles (Figures 3C

and S9). Exposure to outbred serum caused Ana to assemble
into multi-GV bundles, whereas Ana-PEG formed occasional
small clusters but remained mostly dispersed.

To compare acoustic responses, we embedded GVs treated
with either PBS or outbred serum into an imaging phantom
and acquired ultrasound images using a B-mode pulse
sequence (Figure 3D). Signal intensity from Ana increased
by 6.13 dB in outbred serum relative to PBS, while the contrast
from Ana-PEG remained relatively unchanged. In BALB/c
serum, the signal from Ana increased by 2.26 dB, consistent
with a lower degree of aggregation compared to outbred serum

Figure 5. Characterization of the GV protein corona. (A) Schematic of the corona analysis protocol. GVs were incubated in outbred mouse serum
for 1 h at 37 °C, purified by centrifugation, and processed for LC-MS/MS. (B) Donut charts of relative abundances of immune response and lipid
transport proteins, as classified by gene ontology. (C) Volcano plot of protein abundance on Ana compared to Ana-PEG. Abundances were
compared by multiple unpaired t test analysis using the false discovery rate method of Benjamini and Hochberg. Proteins with a false discovery rate
of 5% and log2 fold change greater than 1 were deemed differentially abundant. Proteins that were not differentially abundant are shown
translucently. (D) Heat map of differentially abundant proteins on Ana compared to Ana-PEG, shown with a mouse serum control. Immune
response proteins are indicated by gray boxes on the left.
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(Figure S10). Taken together, these results demonstrate that
antibodies and other serum factors can aggregate GVs,
triggering a substantial increase in the acoustic contrast.

We next investigated the impact of elicited antibodies on GV
dynamics in vivo by administering multiple GV injections to
the same animals. We injected BALB/c mice with an initial
dose of 100 μL of 5.7 nM GVs and did so again 1 or 4 weeks
later (Figure 4A). Ana injections resulted in peak enhance-
ments of approximately 280% at all three time points (Figure
4B,C), with apparent circulation half-life decreasing from 560
± 51 s to 290 ± 11 s and 410 ± 36 s at weeks 1 and 4,
respectively (Figure 4D). Repeated Ana injections were well-
tolerated with no health anomalies observed by veterinary
assessment.

Ana-PEG produced peak enhancements of approximately
50% at all three time points (Figures 4E and S11). However,
acute hypotension occurred unexpectedly several minutes after
the second dose of Ana-PEG, resulting in a sharp reduction in
the hemodynamic contrast (Figure 4E). Only 20% of mice
recovered from hypotension at week 1 and 60% at week 4
(Figure 4F). Based on similar responses to other PEGylated
materials,42,43 we hypothesized that this reaction is triggered by
anti-PEG antibodies.

To further investigate antibody interactions, we exposed
GVs to serum obtained from mice 10 days after the initial GV
injection (Figure 4G). In the presence of Ana-PEG antiserum,
Ana-PEG aggregated and formed a buoyant layer within 30
min, while Ana remained in suspension. Conversely, Ana
rapidly aggregated upon exposure to Ana antiserum, while
Ana-PEG remained in suspension. This pattern is consistent
with a clear distinction in antibody selectivity and minimal
cross-reactivity for the different GV surfaces. Substituting
mPEG with a 16 kDa zwitterionic polymer, which is being
explored as a less immunogenic PEG alternative,44,45 did not
alleviate coating-induced anaphylaxis (Figure S12).

Taken together, our data suggest that RBC adsorption is
likely the primary contributor to GV-enhanced hemodynamic
contrast, and serum components mediate particle clearance
and elicit immune responses. This conclusion is supported by
the comparable Doppler signal dynamics observed in antibody-
deficient NSG (Figure S2), naıv̈e BALB/c (Figure 1B), and
GV-exposed BALB/c mice (Figure 4B). Furthermore, peak
enhancement was not impacted by the presence of serum
factors capable of causing significant GV aggregation (Figure
4C,G). Instead, these factors triggered an acceleration in GV
clearance or, in the case of Ana-PEG, an infusion reaction
(Figure 4D,F).

To identify the serum components influencing GV behavior,
we characterized the protein coronas associated with Ana and
Ana-PEG. We incubated both GV types in serum from outbred
mice for 1 h at 37 °C, as it offers a more diverse representation
of serum components and enhances generalizability for
translational applications.46 After removing unbound proteins
by centrifugation, we digested bound proteins with trypsin and
quantified peptides by liquid chromatography tandem mass
spectrometry (LC-MS/MS) (Figure 5A; see the Supporting
Information for a full data set). Levels of detected proteins
showed moderate correlation between serum-exposed GV
types (R = 0.77) but less so with the background serum (Ana
R = 0.58, Ana-PEG R = 0.45) (Figure S13), indicating that
Ana and Ana-PEG selectively enriched for similar proteins
through a process that cannot be explained by serum
concentration alone. We detected comparable amounts of

the GV structural protein GvpC across all samples, indicating
similar GV loading, as well as minor quantities of GvpV, GvpN,
and other cyanobacterial proteins (Figure S14).

Immune response proteins�part of an immunoglobulin
complex or involved in complement activation�were highly
abundant in the Ana corona, constituting 43.0% of detected
proteins, compared to 14.0% of the Ana-PEG corona and
22.2% of serum (Figure 5B). Of the proteins significantly more
enriched on Ana than Ana-PEG, 24 of 27 were associated with
immune response, including immunoglobulin A, immunoglo-
bulin G, immunoglobulin kappa, mannose-binding protein C,
and complement C1r (Figure 5C,D). Similarly, 13 of the top
25 proteins enriched on Ana relative to serum were in this
group (Figure S15). In contrast, only one immune response
protein was among the 32 proteins more abundant on Ana-
PEG than Ana. Consistent with its role as an early response
antibody,47 immunoglobulin M (IgM) was the most prevalent
member of this group, accounting for 15% of the Ana corona
(1st overall) and 4% of the Ana-PEG corona (8th overall).
Given its enrichment and multivalency, IgM is likely
responsible for GV aggregation in naıv̈e serum.

Lipid transport proteins were enriched on both GV types,
comprising 23.1% and 38.6% of the Ana and Ana-PEG
coronas, respectively, compared to 5.2% of the serum (Figure
5B). Apolipoprotein E (ApoE) and apolipoprotein C-I (ApoC-
I) were the most prominent. On Ana, they ranked second and
fourth in overall abundance with 130-fold and 50-fold
enrichment relative to serum, respectively (Figure S15). On
Ana-PEG, they were first and second with 200-fold and 90-fold
enrichment, respectively. Ana-PEG also enriched several other
proteins that are typically found in low concentrations in
serum, such as apolipoprotein C-II, apolipoprotein C-III,
platelet factor 4, and profilin-1 (Figures 5D and S15). Neither
GV type appreciably adsorbed albumin despite its high
concentration in serum.

Our results demonstrate that blood components significantly
influence GV behavior in the bloodstream, highlighting
opportunities for optimizing GV-based diagnostic and
therapeutic agents. Injected GVs adsorb to the surface of
RBCs, likely through physical mechanisms such as electrostatic
interactions between proteins in the GV shell and the RBC
surface, resulting in a considerable enhancement of hemody-
namic contrast. Additionally, GVs acquire a serum protein
corona that is rich in apolipoproteins and immunoglobulins.
These corona proteins can facilitate rapid clearance and
amplify the immune response upon repeated exposure. Surface
passivation with 10 kDa mPEG reduces RBC and protein
adsorption, providing a modest extension of circulation time at
the expense of diminished blood flow contrast.

GV-based diagnostic agents could benefit from strategies to
modify the protein corona, which can mask the elements
required for molecular detection and response. Potential
techniques include genetic functionalization of the GV
surface,22 wrapping with cell membranes,48 ligand conjugation
to serum-equilibrated GVs,49 fusion of peptides to recruit
specific serum proteins,50 and adsorption of an artificial
corona.51 These strategies could also enable in vitro diagnostic
applications, such as clustering-based detection in which GVs
selectively enriched with specific proteins are combined with
the corresponding antibodies, allowing for rapid optical and
acoustic measurements via flotation and enhanced ultrasound
backscatter,15,52 respectively. Furthermore, the GV corona can
aid in proteomics by reducing the dynamic range of protein
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concentrations in biological fluids, facilitating detection of low-
abundance components.53 GVs are advantageous for these
applications due to their easy buoyancy-based isolation and use
of structural proteins as internal concentration standards.

To maximize the translational utility of GVs, immunogenic
components should be identified and eliminated. GVs do not
appear to be immunotoxic, as repeated injections of Ana were
well-tolerated. However, antibodies did form against GVs,
leading to accelerated clearance. Notably, several residual
cyanobacterial proteins remained after GV purification. Future
work could study responses to urea-treated GVs lacking these
proteins,31 identify problematic epitopes by analyzing peptides
displayed on antigen-presenting cells after lysosomal process-
ing of the GV,54 and redesign production and purification
processes to address these challenges. Alternatively, the strong
antibody response against Ana-PEG suggests a powerful
adjuvanting effect by GV-associated proteins, which could be
helpful for vaccine delivery55 and other immunomodulatory
applications.

Enhancing GV binding to RBCs could potentially alleviate
immunogenicity concerns by inducing peripheral toler-
ance,56,57 while also extending GV circulation time58,59 and
improving contrast in functional ultrasound imaging.16

Approaches include covalent linkage to engineered RBCs58

or incorporation of RBC affinity ligands to enhance binding in
situ.59 Future work should also examine the impact of GV
adsorption on the RBC structure and function, including
morphology, longevity, and gas exchange.

In conclusion, our study provides several key insights into
GV interactions with blood components, uncovering mecha-
nisms underlying their recognition by the body and the balance
between circulation half-life and contrast enhancement. By
understanding the impact of these interactions on performance
and safety, we move closer to optimizing GVs as injectable
imaging agents and realizing the full potential of this promising
technology.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780.

Methods; Figure S1: dose−response of hemodynamic
contrast; Figure S2: ultrasound time courses in NSG
mice; Figure S3: modeling of scattering cross section;
Figure S4: adsorption in the presence of serum; Figure
S5: flow cytometry gating; Figure S6: MALDI-TOF of
GVs and discussion of PEG density; Figure S7: impact
of CuAAC reagents on hydrostatic collapse pressure;
Figure S8: direct functionalization with NHS-PEG;
Figure S9: TEM of GVs after serum exposure; Figure
S10: ultrasound imaging of GVs in BALB/c serum;
Figure S11: peak enhancement following repeated Ana-
PEG injection; Figure S12: zwitterionic polymer-coated
GV characterization and impact on hemodynamic
contrast; Figure S13: scatter plots of protein abundance;
Figure S14: heat map of cyanobacterial proteins; Figure
S15: protein abundances relative to serum; Figure S16:
synthesis of CTA1; Figure S17: synthesis of zwitterionic
polymer (PDF)

LC-MS/MS data set (XLSX)

■ AUTHOR INFORMATION
Corresponding Author
Mikhail G. Shapiro − Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena,
California 91125, United States; Division of Engineering and
Applied Science and Howard Hughes Medical Institute,
California Institute of Technology, Pasadena, California
91125, United States; orcid.org/0000-0002-0291-4215;
Email: mikhail@caltech.edu

Authors
Bill Ling − Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California
91125, United States; orcid.org/0000-0002-1276-7204

Jeong Hoon Ko − Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena,
California 91125, United States; orcid.org/0000-0003-
2000-3789

Benjamin Stordy − Institute of Biomedical Engineering,
University of Toronto, Toronto, ON M5S 3G9, Canada;
Terrence Donnelly Centre for Cellular & Biomolecular
Research, University of Toronto, Toronto, ON M5S 3E1,
Canada; orcid.org/0000-0002-1096-3287

Yuwei Zhang − Institute of Biomedical Engineering, University
of Toronto, Toronto, ON M5S 3G9, Canada; Terrence
Donnelly Centre for Cellular & Biomolecular Research,
University of Toronto, Toronto, ON M5S 3E1, Canada;
Department of Chemistry, University of Toronto, Toronto,
ON M5S 3H6, Canada

Tighe F. Didden − Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena,
California 91125, United States

Dina Malounda − Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena,
California 91125, United States

Margaret B. Swift − Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena,
California 91125, United States

Warren C. W. Chan − Institute of Biomedical Engineering,
University of Toronto, Toronto, ON M5S 3G9, Canada;
Terrence Donnelly Centre for Cellular & Biomolecular
Research, University of Toronto, Toronto, ON M5S 3E1,
Canada; Department of Chemistry, University of Toronto,
Toronto, ON M5S 3H6, Canada; orcid.org/0000-0001-
5435-4785

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c02780

Author Contributions
△B.L. and J.H.K. contributed equally to this work. B.L, J.H.K.,
and M.G.S. conceptualized the research. B.L. performed the in
vivo imaging experiments with assistance from M.B.S. J.H.K.
designed polymer synthesis and gas vesicle functionalization
reactions with assistance from T.F.D. J.H.K. and B.L.
characterized the functionalized gas vesicles. B.L. performed
the erythrocyte modeling and incubation experiments. B.S. and
Y.Z. performed LC-MS/MS experiments and analyzed the
data. D.M. prepared gas vesicles for experiments. All authors
contributed to editing and revising the manuscript. M.G.S. and
W.C.W.C. supervised the research.
Notes
The authors declare no competing financial interest.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02780
Nano Lett. 2023, 23, 10748−10757

10755

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02780/suppl_file/nl3c02780_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikhail+G.+Shapiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0291-4215
mailto:mikhail@caltech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bill+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1276-7204
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong+Hoon+Ko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2000-3789
https://orcid.org/0000-0003-2000-3789
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Stordy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1096-3287
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuwei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tighe+F.+Didden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dina+Malounda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+B.+Swift"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Warren+C.+W.+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5435-4785
https://orcid.org/0000-0001-5435-4785
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02780?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
The authors thank Prof. Bob Grubbs, Prof. Mark E. Davis, and
Dr. Di Wu for helpful discussions; Dr. Hojin Kim for help with
the aqueous SEC polymer characterization; Justin Lee for
assistance with flow cytometry; Dr. Mona Shahgoli for
assistance with small molecule mass spectrometry; the Caltech
Cryo-EM Center for assistance with TEM; the Caltech CCE
Multiuser Mass Spectrometry Lab for instrumentation to
characterize small molecules and GVs; and Dr. Craig Simpson
and Dr. Leanne Wynbenga-Groot, The Hospital for Sick
Children, Toronto, Canada, for assistance with mass
spectrometry for proteomic analysis. This research was
supported by the National Institutes of Health (R01-
EB018975 to M.G.S.) and the Rosen Bioengineering Center
Pilot Grant. W.C.W.C. acknowledges the Canadian Institute of
Health Research Grants FDN159932 and MOP-1301431,
NMIN Network 2019-T3-01 and Canadian Research Chairs
Program Grant 950-223824. J.H.K. was supported by the Kavli
Nanoscience Institute Prize Postdoctoral Fellowship at the
California Institute of Technology. B.L. was supported by the
NIH/NRSA Pre-Doctoral Training Grant (T32GM07616)
and the Caltech Center for Environmental and Microbial
Interactions. B.S. thanks the Doctoral Completion Award.
M.G.S. is a Howard Hughes Medical Institute Investigator.

■ REFERENCES
(1) Chen, G.; Roy, I.; Yang, C.; Prasad, P. N. Nanochemistry and

Nanomedicine for Nanoparticle-based Diagnostics and Therapy.
Chem. Rev. 2016, 116, 2826−2885.
(2) Monopoli, M. P.; Åberg, C.; Salvati, A.; Dawson, K. A.

Biomolecular coronas provide the biological identity of nanosized
materials. Nat. Nanotechnol. 2012, 7, 779−786.
(3) Corbo, C.; et al. The impact of nanoparticle protein corona on

cytotoxicity, immunotoxicity and target drug delivery. Nanomed.
2016, 11, 81−100.
(4) Lazarovits, J.; Chen, Y. Y.; Sykes, E. A.; Chan, W. C. W.

Nanoparticle-blood interactions: the implications on solid tumour
targeting. Chem. Commun. 2015, 51, 2756−2767.
(5) Vilanova, O.; et al. Understanding the Kinetics of Protein-

Nanoparticle Corona Formation. ACS Nano 2016, 10, 10842−10850.
(6) Ngo, W.; et al. Identifying cell receptors for the nanoparticle

protein corona using genome screens. Nat. Chem. Biol. 2022, 18,
1023−1031.
(7) Lazarovits, J.; et al. Supervised Learning and Mass Spectrometry

Predicts the in Vivo Fate of Nanomaterials. ACS Nano 2019, 13,
8023−8034.
(8) Walkey, C. D.; et al. Protein Corona Fingerprinting Predicts the

Cellular Interaction of Gold and Silver Nanoparticles. ACS Nano
2014, 8, 2439−2455.
(9) Jokerst, J. V.; Lobovkina, T.; Zare, R. N.; Gambhir, S. S.

Nanoparticle PEGylation for imaging and therapy. Nanomed. 2011, 6,
715−728.
(10) Cooley, M. B.; et al. Characterization of the interaction of

nanobubble ultrasound contrast agents with human blood compo-
nents. Bioact. Mater. 2023, 19, 642−652.
(11) Ferguson, L. T.; et al. Dual Affinity to RBCs and Target Cells

(DART) Enhances Both Organ- and Cell Type-Targeting of
Intravascular Nanocarriers. ACS Nano 2022, 16, 4666−4683.
(12) Anderson, H. L.; Brodsky, I. E.; Mangalmurti, N. S. The

Evolving Erythrocyte: Red Blood Cells as Modulators of Innate
Immunity. J. Immunol. 2018, 201, 1343−1351.
(13) Maresca, D.; et al. Biomolecular Ultrasound and Sonogenetics.
Annu. Rev. Chem. Biomol. Eng. 2018, 9, 229−252.
(14) Walsby, A. E. Gas vesicles. Microbiol. Rev. 1994, 58, 94−144.
(15) Shapiro, M. G.; et al. Biogenic gas nanostructures as ultrasonic

molecular reporters. Nat. Nanotechnol. 2014, 9, 311−316.

(16) Maresca, D.; et al. Acoustic biomolecules enhance hemody-
namic functional ultrasound imaging of neural activity. NeuroImage
2020, 209, 116467.
(17) Rabut, C.; et al. Ultrafast amplitude modulation for molecular

and hemodynamic ultrasound imaging. Appl. Phys. Lett. 2021, 118,
244102.
(18) Hurt, R. C.; et al. Genomically mined acoustic reporter genes

for real-time in vivo monitoring of tumors and tumor-homing
bacteria. Nat. Biotechnol. 2023, 41, 1−13.
(19) Sawyer, D. P.; et al. Ultrasensitive ultrasound imaging of gene

expression with signal unmixing. Nat. Methods 2021, 18, 945−952.
(20) Hao, Y.; Li, Z.; Luo, J.; Li, L.; Yan, F. Ultrasound Molecular

Imaging of Epithelial Mesenchymal Transition for Evaluating Tumor
Metastatic Potential via Targeted Biosynthetic Gas Vesicles. Small
2023, 19, 2207940.
(21) Wang, G.; et al. Surface-modified GVs as nanosized contrast

agents for molecular ultrasound imaging of tumor. Biomaterials 2020,
236, 119803.
(22) Lakshmanan, A.; et al. Molecular Engineering of Acoustic

Protein Nanostructures. ACS Nano 2016, 10, 7314−7322.
(23) Lakshmanan, A.; et al. Acoustic biosensors for ultrasound

imaging of enzyme activity. Nat. Chem. Biol. 2020, 16, 988−996.
(24) Ling, B.; et al. Biomolecular Ultrasound Imaging of

Phagolysosomal Function. ACS Nano 2020, 14, 12210−12221.
(25) Bar-Zion, A.; et al. Acoustically triggered mechanotherapy using

genetically encoded gas vesicles. Nat. Nanotechnol. 2021, 16, 1403−
1412.
(26) Wu, D.; et al. Biomolecular actuators for genetically selective

acoustic manipulation of cells. Sci. Adv. 2023, 9, No. eadd9186.
(27) Lu, G. J.; et al. Genetically Encodable Contrast Agents for

Optical Coherence Tomography. ACS Nano 2020, 14, 7823−7831.
(28) Farhadi, A.; et al. Genetically Encoded Phase Contrast Agents

for Digital Holographic Microscopy. Nano Lett. 2020, 20, 8127−8134.
(29) Lu, G. J.; et al. Acoustically modulated magnetic resonance

imaging of gas-filled protein nanostructures. Nat. Mater. 2018, 17,
456−463.
(30) Shapiro, M. G.; et al. Genetically encoded reporters for

hyperpolarized xenon magnetic resonance imaging. Nat. Chem. 2014,
6, 629−634.
(31) Lakshmanan, A.; et al. Preparation of biogenic gas vesicle

nanostructures for use as contrast agents for ultrasound and MRI. Nat.
Protoc. 2017, 12, 2050−2080.
(32) Tartis, M. S.; et al. Dynamic microPET imaging of ultrasound

contrast agents and lipid delivery. J. Controlled Release 2008, 131,
160−166.
(33) Wu, H.; et al. Time-intensity-curve Analysis and Tumor

Extravasation of Nanobubble Ultrasound Contrast Agents. Ultrasound
Med. Biol. 2019, 45, 2502−2514.
(34) Cobbold, R. S. C. Foundations of Biomedical Ultrasound; Oxford

University Press: 2007.
(35) Maresca, D.; et al. Nonlinear ultrasound imaging of nanoscale

acoustic biomolecules. Appl. Phys. Lett. 2017, 110, 073704.
(36) Zhao, Z.; et al. Systemic tumour suppression via the preferential

accumulation of erythrocyte-anchored chemokine-encapsulating
nanoparticles in lung metastases. Nat. Biomed. Eng. 2021, 5, 441−454.
(37) Zelepukin, I. V.; et al. Nanoparticle-based drug delivery via

RBC-hitchhiking for the inhibition of lung metastases growth.
Nanoscale 2019, 11, 1636−1646.
(38) Ukidve, A.; et al. Erythrocyte-driven immunization via

biomimicry of their natural antigen-presenting function. Proc. Natl.
Acad. Sci. U. S. A. 2020, 117, 17727−17736.
(39) Yan, J.; Yin, M.; Foster, F. S.; Démoré, C. E. M. Tumor

Contrast Imaging with Gas Vesicles by Circumventing the
Reticuloendothelial System. Ultrasound Med. Biol. 2020, 46, 359−368.
(40) Yao, Y.; Jin, Z.; Ling, B.; Malounda, D.; Shapiro, M. G. Self-

assembly of protein superstructures by physical interactions under
cytoplasm-like conditions. Biophys. J. 2021, 120, 2701−2709.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02780
Nano Lett. 2023, 23, 10748−10757

10756

https://doi.org/10.1021/acs.chemrev.5b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2012.207
https://doi.org/10.1038/nnano.2012.207
https://doi.org/10.2217/nnm.15.188
https://doi.org/10.2217/nnm.15.188
https://doi.org/10.1039/C4CC07644C
https://doi.org/10.1039/C4CC07644C
https://doi.org/10.1021/acsnano.6b04858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41589-022-01093-5
https://doi.org/10.1038/s41589-022-01093-5
https://doi.org/10.1021/acsnano.9b02774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b02774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn406018q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn406018q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2217/nnm.11.19
https://doi.org/10.1016/j.bioactmat.2022.05.001
https://doi.org/10.1016/j.bioactmat.2022.05.001
https://doi.org/10.1016/j.bioactmat.2022.05.001
https://doi.org/10.1021/acsnano.1c11374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c11374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c11374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4049/jimmunol.1800565
https://doi.org/10.4049/jimmunol.1800565
https://doi.org/10.4049/jimmunol.1800565
https://doi.org/10.1146/annurev-chembioeng-060817-084034
https://doi.org/10.1128/mr.58.1.94-144.1994
https://doi.org/10.1038/nnano.2014.32
https://doi.org/10.1038/nnano.2014.32
https://doi.org/10.1016/j.neuroimage.2019.116467
https://doi.org/10.1016/j.neuroimage.2019.116467
https://doi.org/10.1063/5.0050807
https://doi.org/10.1063/5.0050807
https://doi.org/10.1038/s41587-022-01581-y
https://doi.org/10.1038/s41587-022-01581-y
https://doi.org/10.1038/s41587-022-01581-y
https://doi.org/10.1038/s41592-021-01229-w
https://doi.org/10.1038/s41592-021-01229-w
https://doi.org/10.1002/smll.202207940
https://doi.org/10.1002/smll.202207940
https://doi.org/10.1002/smll.202207940
https://doi.org/10.1016/j.biomaterials.2020.119803
https://doi.org/10.1016/j.biomaterials.2020.119803
https://doi.org/10.1021/acsnano.6b03364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41589-020-0591-0
https://doi.org/10.1038/s41589-020-0591-0
https://doi.org/10.1021/acsnano.0c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-021-00971-8
https://doi.org/10.1038/s41565-021-00971-8
https://doi.org/10.1126/sciadv.add9186
https://doi.org/10.1126/sciadv.add9186
https://doi.org/10.1021/acsnano.9b08432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-018-0023-7
https://doi.org/10.1038/s41563-018-0023-7
https://doi.org/10.1038/nchem.1934
https://doi.org/10.1038/nchem.1934
https://doi.org/10.1038/nprot.2017.081
https://doi.org/10.1038/nprot.2017.081
https://doi.org/10.1016/j.jconrel.2008.07.030
https://doi.org/10.1016/j.jconrel.2008.07.030
https://doi.org/10.1016/j.ultrasmedbio.2019.05.025
https://doi.org/10.1016/j.ultrasmedbio.2019.05.025
https://doi.org/10.1063/1.4976105
https://doi.org/10.1063/1.4976105
https://doi.org/10.1038/s41551-020-00644-2
https://doi.org/10.1038/s41551-020-00644-2
https://doi.org/10.1038/s41551-020-00644-2
https://doi.org/10.1039/C8NR07730D
https://doi.org/10.1039/C8NR07730D
https://doi.org/10.1073/pnas.2002880117
https://doi.org/10.1073/pnas.2002880117
https://doi.org/10.1016/j.ultrasmedbio.2019.09.009
https://doi.org/10.1016/j.ultrasmedbio.2019.09.009
https://doi.org/10.1016/j.ultrasmedbio.2019.09.009
https://doi.org/10.1016/j.bpj.2021.05.007
https://doi.org/10.1016/j.bpj.2021.05.007
https://doi.org/10.1016/j.bpj.2021.05.007
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(41) Baumgarth, N.; Tung, J. W.; Herzenberg, L. A. Inherent
specificities in natural antibodies: a key to immune defense against
pathogen invasion. Springer Semin. Immunopathol. 2005, 26, 347−362.
(42) Kozma, G. T.; et al. Pseudo-anaphylaxis to Polyethylene Glycol

(PEG)-Coated Liposomes: Roles of Anti-PEG IgM and Complement
Activation in a Porcine Model of Human Infusion Reactions. ACS
Nano 2019, 13, 9315−9324.
(43) Ibrahim, M.; et al. Polyethylene glycol (PEG): The nature,

immunogenicity, and role in the hypersensitivity of PEGylated
products. J. Controlled Release 2022, 351, 215−230.
(44) Liu, S.; Jiang, S. Zwitterionic polymer-protein conjugates

reduce polymer-specific antibody response. Nano Today 2016, 11,
285−291.
(45) Cabanach, P.; et al. Zwitterionic 3D-Printed Non-Immuno-

genic Stealth Microrobots. Adv. Mater. 2020, 32, 2003013.
(46) Tuttle, A. H.; Philip, V. M.; Chesler, E. J.; Mogil, J. S.

Comparing phenotypic variation between inbred and outbred mice.
Nat. Methods 2018, 15, 994−996.
(47) Jones, K.; Savulescu, A. F.; Brombacher, F.; Hadebe, S.

Immunoglobulin M in Health and Diseases: How Far Have We Come
and What Next? Front. Immunol. 2020, 11, 595535.
(48) Hu, C.-M. J.; et al. Erythrocyte membrane-camouflaged

polymeric nanoparticles as a biomimetic delivery platform. Proc.
Natl. Acad. Sci. U. S. A. 2011, 108, 10980−10985.
(49) Stordy, B.; et al. Conjugating Ligands to an Equilibrated

Nanoparticle Protein Corona Enables Cell Targeting in Serum. Chem.
Mater. 2022, 34, 6868−6882.
(50) Zhang, Z.; et al. Brain-targeted drug delivery by manipulating

protein corona functions. Nat. Commun. 2019, 10, 3561.
(51) Oh, J. Y.; et al. Cloaking nanoparticles with protein corona

shield for targeted drug delivery. Nat. Commun. 2018, 9, 4548.
(52) Kim, S.; Zhang, S.; Yoon, S. Multiplexed Ultrasound Imaging

Using Spectral Analysis on Gas Vesicles. Adv. Healthc. Mater. 2022,
11, 2200568.
(53) Blume, J. E.; et al. Rapid, deep and precise profiling of the

plasma proteome with multi-nanoparticle protein corona. Nat.
Commun. 2020, 11, 3662.
(54) Caron, E.; et al. Analysis of Major Histocompatibility Complex

(MHC) Immunopeptidomes Using Mass Spectrometry*. Mol. Cell.
Proteomics 2015, 14, 3105−3117.
(55) DasSarma, S.; DasSarma, P. Gas Vesicle Nanoparticles for

Antigen Display. Vaccines 2015, 3, 686−702.
(56) Kontos, S.; Kourtis, I. C.; Dane, K. Y.; Hubbell, J. A.

Engineering antigens for in situ erythrocyte binding induces T-cell
deletion. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, No. E60-E68.
(57) Pishesha, N.; et al. Engineered erythrocytes covalently linked to

antigenic peptides can protect against autoimmune disease. Proc. Natl.
Acad. Sci. U. S. A. 2017, 114, 3157−3162.
(58) Shi, J.; et al. Engineered red blood cells as carriers for systemic

delivery of a wide array of functional probes. Proc. Natl. Acad. Sci. U. S.
A. 2014, 111, 10131−10136.
(59) Kontos, S.; Hubbell, J. A. Improving Protein Pharmacokinetics

by Engineering Erythrocyte Affinity. Mol. Pharmaceutics 2010, 7,
2141−2147.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02780
Nano Lett. 2023, 23, 10748−10757

10757

https://doi.org/10.1007/s00281-004-0182-2
https://doi.org/10.1007/s00281-004-0182-2
https://doi.org/10.1007/s00281-004-0182-2
https://doi.org/10.1021/acsnano.9b03942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b03942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b03942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2022.09.031
https://doi.org/10.1016/j.jconrel.2022.09.031
https://doi.org/10.1016/j.jconrel.2022.09.031
https://doi.org/10.1016/j.nantod.2016.05.006
https://doi.org/10.1016/j.nantod.2016.05.006
https://doi.org/10.1002/adma.202070312
https://doi.org/10.1002/adma.202070312
https://doi.org/10.1038/s41592-018-0224-7
https://doi.org/10.3389/fimmu.2020.595535
https://doi.org/10.3389/fimmu.2020.595535
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1021/acs.chemmater.2c01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-11593-z
https://doi.org/10.1038/s41467-019-11593-z
https://doi.org/10.1038/s41467-018-06979-4
https://doi.org/10.1038/s41467-018-06979-4
https://doi.org/10.1002/adhm.202200568
https://doi.org/10.1002/adhm.202200568
https://doi.org/10.1038/s41467-020-17033-7
https://doi.org/10.1038/s41467-020-17033-7
https://doi.org/10.1074/mcp.O115.052431
https://doi.org/10.1074/mcp.O115.052431
https://doi.org/10.3390/vaccines3030686
https://doi.org/10.3390/vaccines3030686
https://doi.org/10.1073/pnas.1216353110
https://doi.org/10.1073/pnas.1216353110
https://doi.org/10.1073/pnas.1701746114
https://doi.org/10.1073/pnas.1701746114
https://doi.org/10.1073/pnas.1409861111
https://doi.org/10.1073/pnas.1409861111
https://doi.org/10.1021/mp1001697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp1001697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

