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ABSTRACT: Antibodies, disruptive potent therapeutic agents against pharmacological
targets, face a barrier in crossing immune systems and cellular membranes. To
overcome these, various strategies have been explored including shuttling via liposomes
or biocamouflaged nanoparticles. Here, we demonstrate the feasibility of loading
antibodies into exosome-mimetic nanovesicles derived from human red-blood-cell
membranes, which can act as nanocarriers for intracellular delivery. Goat-antichicken
antibodies are loaded into erythrocyte-derived nanovesicles, and their loading yields are
characterized and compared with smaller dUTP-cargo molecules. Applying dual-color
coincident fluorescence burst analyses, the loading yield of nanocarriers is rigorously
profiled at the single-vesicle level, overcoming challenges due to size-heterogeneity and
demonstrating a maximum antibody-loading yield of 38−41% at the optimal vesicle
radius of 52 nm. The achieved average loading yields, amounting to 14% across the
entire nanovesicle population, with more than two antibodies per loaded vesicle, are
fully comparable to those obtained for the much smaller dUTP molecules loaded in the nanovesicles after additional exosome-spin-
column purification. The results suggest a promising new avenue for therapeutic delivery of antibodies, potentially encompassing
also intracellular targets and suitable for large-scale pharmacological applications, which relies on the exosome-mimetic properties,
biocompatibility, and low-immunogenicity of bioengineered nanocarriers synthesized from human erythrocyte membranes.

1. INTRODUCTION
Advances in production of high-affinity antibodies (Ab)
harnessed with dedicated pharmacological actions are paving
the way for targeting previously untreatable diseases1−6 and
hold significant potential for the development of novel
immunotherapeutic agents boosting the effectiveness of
tumor treatments besides chemotherapy.1,7,8 However, most
of the available methods for antibody delivery are restricted to
extracellular or cell-surface-bound targets,1−11 and there is still
huge demand to develop other important class of antibodies
against intracellular targets.8,10−13 Major difficulties in Ab-
deployment against intracellular targets stem from their
relatively large size and chemical composition, preventing
them from naturally crossing the cell membranes and limiting
their blood-circulation times and therapeutic action in the
absence of appropriate protective encapsulation.5,6,9−14

Overcoming these challenges is crucial to establishing Ab
therapies within intracellular spaces. Accordingly, significant
research efforts are being devoted to devising efficient
methodologies for the delivery of antibodies across the
immune system and cell membranes, ranging from intracellular
injection to camouflaged transport techniques.14 The former
relies on harsh mechanical disruption of the cell membrane
through injection or electroporation, with limited loading
efficiency and significant impact on cell viability, exclusively
suitable for in vitro studies.15,16 Alternative approaches involve
antibody camouflaging using cell-penetrating peptides, engi-

neered nanoparticles, or liposomes to facilitate antibody
transport across cellular membranes.5,6,9−13,17,18 Among
these, nanocarrier-assisted delivery, employing polymeric
nanoparticles,5,19 lipid nanovesicles,20 and nanoparticles
camouflaged with the aid of biomimetic coatings derived
from cell membranes,21−25 stands out as a promising approach
for drug delivery. Liposomes, known for biocompatibility and
controlled release properties, face limitations due to protein
corona formation and short-term cargo preservation effects.26

Some challenges can be mitigated by PEG-polymerization,19

which, however, may trigger anti-PEG immunoglobulin
production in vivo, resulting in lowered blood circulation
times and degraded immunogenicity.27,28

The innate biocompatibility and nonimmunogenicity of red
blood cell (RBC) membranes make them ideal raw materials
for direct use as biocamouflaging materials in a variety of
treatments and as drug carriers for intracellular delivery in
nanovesicle forms.24,29,30 RBC membrane-coated nanocarriers
have been already studied for Ab delivery and proven to afford
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longer circulation times thanks to functional RBC-membrane
proteins such as CD47.22,23,28,29,31 However, the use of such
RBC-camouflaged nanocarriers requires the Ab cargo to be
aggregated first into a solid form,21,25 which may compromise
its functionality and induce complications.32 Such drawbacks
can be overcome by drug carriers directly synthesized from
RBC-membranes in the form of nanovesicles, provided that
suitable procedures become available for their loading with
antibodies.33,34

Recently, a novel methodology was devised for synthesizing
and loading RBC-derived nanovesicles, similar to exosomes,
enabling large-scale production in stable formulations with
engineerable properties. This technique, initially applied to
vesicle loading with dUTP cargo molecules,35 is here further
developed to demonstrate the loading of RBC membrane-
derived nanovesicles with larger molecular cargos, specifically
goat-antichicken IgY (H + L) secondary antibodies with
significantly larger molecular weights (∼145 kDa) than labeled
dUTP (∼1 kDa). This study systematically analyzes and
quantitatively compares the results of Ab-loading with dUTP-
loaded vesicles under identical processing conditions, employ-
ing spectroscopic protocols developed for single-vesicle
profiling with single-molecule resolutions.33,35 The findings
reveal that Ab-loading yields are maximized for slightly (∼5−
10 nm) larger vesicle radii than the ones of dUTP-loading,
consistent with the smaller size of the latter, yet still in the ∼50
nm radius range typical of exosome-mimetic nanocarriers.
Additional cleaning of nanocarrier solutions using an exosome
spin column shows comparable average loading yields of 14%
for both Ab and dUTP. The inferred average number of cargo

molecules loaded in each nanovesicle also features very similar
values (2.25 for Ab and 2.49 for dUTP), exceeding two in both
cases, despite their large size discrepancy. The results provide
clear evidence of the viability of human erythrocyte-derived
nanovesicles for Ab-loading and pave the way to their
exploitation as a novel biomimetic system for potential
antibody in vivo delivery.

2. METHODS AND EXPERIMENTS
Figure 1a provides a flowchart for the preparation of antibody-
loaded nanovesicles, closely following previously developed
procedures for dUTP cargo molecules.36 The method involves
multiple ultracentrifugation steps to purify RBC ghosts from
human blood37 and isolate exosome-like vesicles from
detergent-resistant membrane (DRM) solutions at a buoyancy
of 30% sucrose (1.13 mg/cm3) in sucrose gradients (details in
Supporting Information). Ab-loading is performed through
posthypertonic lysis of RBC vesicles,38 inducing vesicle rupture
and their subsequent revesiculation, upon which they may
engulf Ab-molecules deliberately dispersed in physiologic
buffer (see also S1). For this pilot study, a goat-antichicken
IgY (H + L) antibody is chosen as the cargo molecule. The
antibody is conjugated with AlexaFluor488 (Thermo Fisher)
for green fluorescence tagging in optical characterizations using
dual-color fluorescence microscopy (DCFM). The outer
membranes of the nanovesicles are further stained with
CellVue Claret (Sigma-Aldrich) for far-red fluorescence. The
dual-color green and red tagging scheme is illustrated in Figure
1b. As highlighted in Figure 1a, the sample preparation process
encompassed two slightly different sample typologies of

Figure 1. (a) Preparation steps of antibody-loaded nanovesicles. Ab = antibody, RBC = red blood cell nanovesicles, and RBC+ = RBC with
additional solution cleaning. (b) Dual-color fluorescent staining scheme for the Ab cargo (Alexa488, green dye) and the nanovesicle (CellVue
Claret, red dye). AFM: (c) experimental setup and (d) image of nanovesicles. DCFM: (e) setup and (f) typical time traces in detection for the red
(vesicles) and the green (antibody molecules) signal channels. Coincident red and green temporal bursts denote Ab-loaded nanovesicles.
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nanovesicles, denoted as RBC and RBC+. The main difference
between the two consists in an additional cleaning step
performed at the end on the latter (RBC+), with an exosome
spin column purification procedure,39 as detailed in S1. In all
cases, loaded and tagged RBC or RBC+ nanovesicles, dispersed
in PBS solution, underwent systematic characterizations by
means of atomic force microscopy (AFM, Figure 1c,d) and
confocal fluorescence microscopy (Figure 1e,f), according to
experimental and analytical protocols originally defined in
previous publications.35,40

The considerable heterogeneity of the exosome-mimetic
nanovesicles under investigation necessitates characterizations
at the single-vesicle level to extract critical physical parameters,
such as size distribution, and facilitate thorough assessments of
antibody loading. To address these challenges, we employ
experimental methodologies that involve concurrent AFM and
DCFM measurements (Figure 1c−f) and dual-color coincident
fluorescence burst (DC−CFB) analyses for size-resolved
characterizations of both carrier nanovesicles and their cargos.
We exclusively considered bursts surpassing predefined
thresholds for minimum photon number (M) and count rate
(F) for both red and green bursts, as outlined in the
Supporting Information (S2). By these burst selection criteria,
the bursts originating from particles with shorter dwell times
within the detection volume, potentially caused by trajectories
passing only through the peripheral region of the detection
volume and lower photon counts, could be filtered out. We
also systematically compared the red fluorescence results with
independent AFM measurements to validate the accuracy of
the extracted size distributions for whole nanovesicles.

3. RESULTS AND DISCUSSION
Figure 2 presents key outcomes of the AFM and fluorescence
characterizations conducted on the overall populations of RBC

and RBC+ nanovesicles following their synthesis and Ab-
loading procedure. Detailed AFM investigations confirm the
formation and integrity of single DRM nanovesicles for both
sample typologies (RBC and RBC+), featuring size ranges and
distribution profiles akin to those of exosomes and exosome-
mimetic nanovesicles.35,41−43 As illustrated by the plots of
Figure 2a,b, and further quantified by the data in Table 1, the

AFM histograms for the two sample preparations appear to
peak at the same vesicle radius, i.e.: Rmax

AFM = 27 nm, and exhibit
comparable values of their average radius, i.e.: Rave

AFM = 30 nm
for RBC, and 31 nm for RBC+ samples.

Complementary insights into the hydrodynamic size
populations of two nanovesicles are obtained by confocal
fluorescence microscopy experiments (Supporting Informa-
tion) through a burst analysis of the red fluorescence signal
time traces, yielding the distributions shown in Figure 2c,d, for
RBC and RBC+ samples, respectively. For a direct comparison,
Table 1 reports the values retrieved by AFM and fluorescence
measurements for both preparations subject to Ab- (rows 1−
2) and dUTP- (rows 3−4) loading processes. The latter (see
also Supporting Information) were processed at the same time
and under identical experimental conditions for a direct
comparison with the Ab-loading cases and to provide a
reference to previous literature.35 DCFM experiments, as
outlined in S1, provide comprehensive insights into nano-
vesicle populations and their loading.35 The burst analysis of
time traces from the red membrane dye (Figure 1b) in the
fluorescence experiments (Figure 1c) allows for the retrieval of
size-dependent statistics for all nanovesicle populations, as
depicted in Figure 2c,d.

Fluorescence-derived estimates for the size of nanovesicles
tend to be slightly larger than those obtained by AFM. This
discrepancy is attributed to the larger hydrodynamic size of
vesicles in physiological solution (the setting for fluorescence
microscopy measurements) compared to dry conditions used
for AFM. Practically, the AFM topography images were
captured from dried samples rather than in a liquid medium.
This distinction could result in some deviations from the
vesicle size observed in red fluorescence distributions,
particularly evident in the longer tail observed in size
histograms of fluorescence measurements for larger vesicle
sizes. Therefore, the primary value of conducting a
comparative analysis of fluorescence and AFM histograms
lies in qualitatively tracking the overall trends in size
distributions. The observed shift in the peak radius of
fluorescence and AFM distributions is relatively small (Rmax
− Rmax

AFM ∼ 5 nm). However, the difference becomes more
pronounced when considering the average values of vesicle
radii (Rave − Rave

AFM ∼ 30 nm) due to the random diffusion
trajectories through the detection volume and the tendency of
biomimetic nanovesicles to aggregate in physiological
solutions, consistent with prior reports.35 This effect, well
documented in the literature,44 is confirmed by the longer tails
in the distributions obtained from fluorescence data,

Figure 2. Size histograms of the whole populations of nanovesicles
assessed through (a,b) AFM and (c,d) red burst analysis in
fluorescence microscopy experiments, for RBC (plots a, c) and
RBC+ (plots b, d) sample preparations. The AFM measurements were
taken from dried samples rather than from a liquid medium, leading
to deviations from the observed vesicle size in red fluorescence
distributions, as reflected in the longer tail observed in size histograms
(c, d) for larger vesicle sizes.

Table 1. Summary of the Statistics of the RBC and RBC+

Nanovesicle Populations Subject to the Loading Procedures
of Figure 1a, with Ab or dUTP as Cargo Molecules,
Retrieved from AFM and Red Fluorescence Burst Analysesa

AFM fluorescence microscopy

sample typology
Rmax
(nm) Rave ± σR (nm)

Rmax
(nm) Rave ± σR (nm)

Ab-RBC 27 30 ± 4 32 59 ± 26
Ab-RBC+ 27 31 ± 5 32 60 ± 26
dUTP-RBC 27 32±8 27 49±22
dUTP-RBC+ 27 30±4 32 56±25

aRmax = nanovesicle radius at the peak of their size-distribution, Rave =
average radius for each vesicle population, and σR = standard
deviation of the vesicle radius.
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particularly visible for R ≫ 30 nm in Figure 2c,d and
essentially absent in the narrower AFM profiles of Figure 2a,b.
Furthermore, both AFM and fluorescence results consistently
indicate no significant impact of the additional cleaning step
(RBC vs RBC+) on Ab-loaded sample preparations. The
maximally populated nanovesicle radius derived from the
fluorescence data analysis remains the same for both RBC and
RBC+ samples (Rmax = 32 nm) and this is equally true for their
average radii (Rave ∼ 60 nm).
A notable observation from comparing Ab and dUTP

loading results is the larger vesicle size associated with
antibody loading. This aligns with the substantial weight
difference between Ab molecules and dUTP, with the former
being over 2 orders of magnitude higher molecular weight than
the latter. A distinct difference is observed in the values of Rmax
and Rave after the extra cleaning procedure (RBC vs RBC+)
applied to dUTP-loaded samples, an effect not observed in
antibody loading. In the dUTP case, both Rmax and Rave show
an increase of approximately 5−7 nm postcleaning. This
suggests additional size-filtering effects during the exosome
spin column process, potentially favoring slightly larger vesicles
and better matching the size-distribution peak (Rmax) of Ab-
loaded samples, which is approximately 5 nm larger than that
in the dUTP case. The impact of cleaning (RBC vs RBC+) is
more pronounced in the case of dUTP loading compared to
Ab loading, significantly affecting also the retrieved loading
yields, as discussed in the next section.
Figure 3 illustrates the result of further investigations into

the subpopulations of loaded nanovesicles performed by DC−

CFB analysis, considering nanovesicles loaded with antibodies
and their dUTP-loaded counterparts (Supporting Information
and ref 35). Figure 3a (b) shows the size distribution of Ab-
loaded RBC (RBC+) nanovesicles, while Figure 3c (d)
illustrates their loading yield, i.e.: =R( ) N R

N R
( )

( )
load

tot
, quantified

as the ratio of the number of loaded nanovesicles (Nload),
determined from coincident green and red bursts (Figure
3a,b), and the total nanovesicle count (Ntot), determined from
red burst analyses (Figure 2c,d), as a function of the
nanovesicle radius R. Table 2 summarizes key figures of
merit extracted by the DC−CFB analysis of the experiments to
enable quantitative comparisons between RBC and RBC+

preparations as well as loading with Ab and dUTP cargo
molecules.

Similar to dUTP-loaded nanovesicles, the Ab-loaded nano-
vesicle populations exhibit a skewed distribution in radius, with
a primary peak at Rmax

load < 70 nm and an extended tail toward
larger sizes (>100 nm), where experimental artifacts due to
vesicle agglomeration combined with random diffusion
trajectories become prominent. The size distributions of Ab-
loaded nanovesicles in RBC (Figure 3a) and RBC+ (Figure 3b)
samples show essentially the same values for the peak (Rmax

load =
52 nm) and average (Rave

load ∼ 65 nm) radii, indicating negligible
impact of the solution cleaning step. Comparing the histo-
grams in Figure 3a,b with those in Figure 2c,d, depicting the
total nanovesicle populations for the Ab-loading case, high-
lights a shift in the vesicle distributions toward larger sizes
upon loading. This shift is quantified by comparing the values
for Rmax in Table 1 and Rmax

load in Table 2, revealing an increase of
∼20 nm in the peak radius of Ab-loaded compared to the
whole nanovesicle populations. This size increase in the loaded
nanovesicle population is also apparent in the values of the
average radii of Ab-loaded (Rave

load, Table 2) and whole (Rave,
Table 1) vesicle populations. In comparison to dUTP-loaded
vesicles, the Ab-loaded vesicles exhibit approximately 10 nm-
larger average and peak sizes, consistent with the larger size
and molecular weight (∼145 kDa) of antibodies compared to
labeled dUTP molecules (∼1 kDa). Another notable difference
is observed in the dUTP-loaded vesicle distributions after the
extracleaning process, evident from the data in S3 and Table 2,
indicating an increase by 6 nm in both Rmax

load and Rave
load of RBC+

versus RBC dUTP-loaded nanovesicles. Consistently, there is a
noticeable shift toward larger sizes in the statistics of the
overall nanovesicle populations when comparing RBC and
RBC+ preparations in the case of dUTP. This emphasizes the
size-filtration effect of the original nanovesicle populations
associated with the RBC+ cleaning step, which tends to favor
slightly larger vesicles (with another notable difference as they
have a diameter of 50 nm or more) that better align with Ab-
loaded vesicles. This clarifies the observed changes affecting
the dUTP-loaded vesicles but not the Ab-loaded vesicles as
well as the adjustments in the dUTP-loading yield results in
RBC and RBC+ preparations, as shown in Figure 3c,d (dashed
lines) and Table 2 (ηmax and ηave in rows 3−4).

Further analysis of the dual-color experimental data is
explained in Supporting Information, enabling size-resolved
evaluations of loading yields, as depicted in Figure 3c,d for
RBC and RBC+ samples, respectively. Consistent with previous
discussions, the Ab-loading yield distribution, η(R), remains
unaffected by the cleaning procedures, peaking at the same

Figure 3. Histogram of the number of Ab-loaded nanovesicles (Nload)
as a function of nanovesicle radius R, for: (a) RBC and (b) RBC+

sample preparations. Size-distribution of the loading yield η(R), for
Ab (solid lines) and dUTP (dashed lines) cargo molecules: (c) RBC
and (d) RBC+ preparations.

Table 2. Summary of the Statistics of the Loaded Sub-
Populations of RBC and RBC+ Nanovesicles, with Ab and
dUTP Cargo Molecules, Retrieved from DC−CFB
Analysesa

Rmax
load

(nm)
<>Rave

load ±
σR<> (nm)

ηmax
(%)

Ηav
(%) Nmax Nave ± σN

Ab-RBC 52 66 ± 15 38 14 1.75 2.25 ± 0.75
Ab-RBC+ 52 65 ± 15 41 14 2.25 2.53 ± 0.76
dUTP-RBC 42 55 ± 17 67 20 2.25 2.71±0.71
dUTP-RBC+ 48 61 ± 17 52 15 2.25 2.49±0.54
aRmax

load = loaded nanovesicle radius at the peak of their size
distribution, Rave

load = average radius of the loaded vesicles, and σR =
standard deviation of the vesicle radius. ηmax = loading yield for R =
Rmax
load and ηave = average loading yield. Nmax and Nave are the maximum

and average number of loaded cargos per vesicle (NAb or NdUTP),
respectively.
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vesicle radius, Rmax
load = 52 nm, for both RBC and RBC+

preparations. The maximum loading yield, ηmax = η(Rmax
load), is

also minimally affected, with values of 38 and 41% for RBC
and RBC+ samples, respectively (Table 2). Average values of
loading efficiencies and carrier vesicle sizes exhibit similar
trends, with ηave = 14% and Rave

load ∼ 65 nm, respectively,
regardless of the extra cleaning step in the Ab case. However,
this is not observed for the dUTP case, as is evident in the
loading yield distributions for RBC and RBC+ preparations
(dashed lines in Figure 3c,d) and the corresponding figures of
merit in Table 2. The RBC+ cleaning step induces a clear
modification of the peak yield, with Rmax

load increasing from 42 to
48 nm and Rmax

load decreasing from 67 to 52%, along with
substantial effects on average values, with Rave

load increasing from
55 to 65 nm and ηave decreasing from 20 to 15%. These trends
align with those highlighted in the vesicle populations for
dUTP cargo molecules, indicating a more pronounced
influence of the additional cleaning process and its associated
size-filtering effect, as discussed with reference to Figure 2 and
Table 2. This suggests strategies for optimizing sample
preparation to increase loading efficiency in drug delivery
applications involving size-based filtering of nanovesicle
populations around the peak size of the loading yield profile,
as further discussed in the following section.
Finally, the single-molecule resolving capability of fluo-

rescence measurements, combined with further analyses and
calibration experiments detailed in S2 and ref 35, afforded also
statistical investigations on the number-normalized brightness
per vesicle (NAb), illustrated in Figure 4a,b. Equivalent data for

the dUTP case are presented in S3 (Figure S11), and a
comparative summary of the results is provided in Table 2,
listing the retrieved values of the maximum number of cargos
per loaded nanovesicle (Nmax) and its average (Nave) for all
four sample typologies.
The analysis shows that regardless of the type of cargo (Ab

or dUTP) and solution cleaning procedure (RBC or RBC+),
the loaded nanovesicles contain on average two cargo
molecules, with excellent agreement between the values
obtained for Ab and dUTP in RBC+ samples, namely: Nmax
= 2.2 and Nave = 2.5, confirming the consistency and reliability
of the antibody loading process into red-blood-cell-derived
nanovesicles.

Moreover, the calibration measurements required for the
retrieval of the statistics of cargo molecules per nanovesicle, as
described in S2, revealed unexpected features in the
fluorescence signals of Alexa488 dye bound to cargo molecules
entrapped into the nanovesicles. Figure 4c,d (Figure S11c,d)
illustrates these findings, displaying lifetime histograms of
green fluorescence signals from Alexa488 dye bound to Ab
(dUTP) molecules in three conditions: (1) free in solution
shown by the olive dashed-dotted line, (2) loaded into RBC
nanovesicles, and (3) loaded into RBC+ nanovesicles, both
shown in green solid lines in Figure 4c,d, respectively. The
results clearly show a reduction in fluorescence lifetimes for
Alexa488 when it is encapsulated in the nanovesicles, whether
bound to Ab or dUTP. The observed shortening of lifetimes in
Figure 4c,d, which is considered in the results derivation, is a
noteworthy effect not highlighted in previous studies so far.
Unlike free molecules with monoexponentially decay, τlifetime =
4 ns for Alexa488 with dUTP and 3.6 ns with Ab, entrapped
molecules exhibit a continuous range of shorter lifetimes
possibly due to potential Förster resonance energy transfer
(FRET) interactions with hemoglobin inside RBC nano-
vesicles. An alternative explanation could be the occurrence of
FRET between Alexa488 dyes and Claret CellVue (far-red
dye) employed for labeling the outer membrane of the
nanovesicles. Due to the lipophilic nature of this far-red dye,
there is a possibility of its partial permeation through the RBC
membrane, leading to potential energy interactions with the
green dye. Moreover, the additional centrifugation steps during
exosome spin column cleaning further exacerbate these FRET
effects, resulting in the lowest lifetimes of fluorescent tags
particularly in the RBC+ case. However, the number and
interaction distance of hemoglobin molecules are unpredict-
able and uncontrollable, leading to varying lifetimes. To
account for this effect on the fluorescence brightness of the
tagging dye inside RBC and RBC+ vesicles (see also S2), the
area under their normalized lifetime histograms (a2 and a3 in
Figure 4c,d) is compared with that of free cargo molecules (a1
in Figure 4c,d), allowing for the calibration of the average
photon count for the entrapped cargos (see Table S3).
Conclusively, the DC−CFB assessments provide the two-
dimensional profile of loaded vesicles versus radius and Ab-
numbers per loaded vesicle, as illustrated in Figure 5, revealing
the most populated sizes and the load extent for the Ab-loaded
nanovesicles. The load extent represents average values, with a
peak at 2.2 and 2.5 for RBC and RBC+ preparations,
respectively, which suggests that they contained an average
of at least two loaded antibody molecules.

Finally, it is worth noting that the additional cleaning step
through ESC maintained the loading yields and the average
number of antibody cargoes per loaded nanovesicle un-
changed. Meanwhile, the evaluations indicated a significant
decrease in the average background rates within antibody-
loaded vesicles in both the red and green channels. Specifically,
these rates decreased approximately 4.6 times in the red
channel and 2.0 times in the green channel in RBC+ vesicles
compared to RBC samples (see Figure S5). These findings
underscore the effectiveness of the supplementary purification
step in removing more free and nonencapsulated cargoes from
the final solution. Particularly in the green channel, this kind of
purification results in a reduction of nonencapsulated antibody
therapeutics, which can play an essential role in minimizing
side effects associated with pharmaceutical drug delivery
products.

Figure 4. Histograms of a number-normalized brightness per vesicle
(NAb): (a) RBC and (b) RBC+ sample preparations. The normalized
lifetime histograms of Alexa488 dye bound to Ab-cargo molecules in
three conditions such as a1: free in solution (olive dash-dotted), a2:
loaded into (c) RBC nanovesicles (green solid), and a3: loaded into
(d) RBC+ nanovesicles (green solid).
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4. CONCLUSIONS
In summary, we have demonstrated successful antibody-
loading into synthesized nanovesicles from red-blood-cell
membranes. Dual-color fluorescence burst investigations at
the single-vesicle level revealed a preference for nanovesicles
with an average radius of around 65 nm when loaded with Ab-
cargos compared to 55 nm obtained in reference experiments
performed on dUTP cargos, which aligns with the larger size
and molecular weight of Ab molecules. Loading yields for Ab
cargos were comparable to those of dUTP-loaded vesicles,
peaking at approximately 40%. The optimal vesicle radius of 52
nm and an average loading efficiency of 14% were obtained for
Ab-loaded nanovesicles. Considering unexpected lifetime
shortening of the Alexa488 fluorophore in produced nano-
vesicles, likely due to FRET interactions with hemoglobin
molecules, revealed an average loading of 2.25 antibody
molecules per nanovesicle, consistent with dUTP cargo results
under identical conditions. These findings show the loading of
nanovesicles with larger antibody therapeutics, showcasing for
the first time, to the best of our knowledge, the feasibility of
producing antibody-loaded RBC-membrane-derived nano-
vesicles within a size range similar to that of physiological
extracellular vesicles. This holds promise for the development
of more biocompatible and scalable intracellular drug delivery
nanocarriers with a reduced immunogenicity. These results
align well with previous studies utilizing Nanoflow cytom-
etry45,46 and single molecule localization microscopy,47 which
have also observed a similar range of cargo loading in
engineered EV subpopulations, with a similar percentage of
cargo-loaded extracellular vesicles at the single-molecule and
single-vesicle level. Furthermore, the additional cleaning
procedures in this study provided stable results for Ab-loading
and insights into the relationship between nanovesicle physical
properties and cargo nature, offering opportunities to enhance
the purity of production yields and customize these nano-
vesicles for specific therapeutic agent for Ab delivery with
substantially lower side effects.
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vesicle for the loaded vesicles are depicted in the horizontal and
vertical subplots, respectively, for (a) RBC and (b) RBC+

preparations. It demonstrates that loaded nanovesicles are mostly
populating at a radius of 52 nm and maximum brightness-normalized
number of 1.75 and 2.25 Abs per RBC and RBC+ nanovesicles,
respectively.
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