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Exosomes offer ideal biomarkers for liquid biopsies. However, high-efficient capture of exosomes has been
proven to be extreme challenging. Here, we report a soluble pH-responsive host-guest-based nanosystem
(pH-HGN) for homogeneous isolation of exosomes around physiological pH. The pH-HGN consists of two
specifically functionalized modules. First, a pH-responsive module, poly-dimethylaminoethyl methacry-
late, provides homogeneous capture circumstances and sharp pH-triggered self-assembly separation in
aqueous solution to improve capture efficiency and reduce nonspecific adsorption. Second, a host-guest
module, poly-acrylamide azobenzene and S-cyclodextrin linked with exosomes-specific antibody, could
act as the "cleavable bridge" to specific capture and subsequent rapid release of captured exosomes
through host-guest interaction between B-cyclodextrin and AAAB moieties. The pH-HGN offered high
capture efficiencies for exosomes from two different cell lines, which were 90.2% + 0.28% and 87.0%
+ 4.6% for H1299 and MCF-7 cell-derived exosomes, respectively. The purity of isolated exosomes was
(1.4940.71) x 10" particles/ug, which was 4.1 times higher compared with the gold standard ultracen-
trifugation (UC) method. Furthermore, the isolated exosomes via the pH-HGN can preserve well integrity
and biological activity. The developed pH-HGN was further successfully applied to differentiate lung
cancer patients from healthy persons. These findings indicated that pH-HGN is a promising strategy in
exosomes-based research and downstream applications.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Exosomes are small (30-150 nm), cell-secreted phospholipid bi-
layers vesicles [1,2], which modulate a variety of cellular func-
tions, including signal transduction [3,4], drug resistance [5], im-
mune response [6], cancer progression and metastasis [7,8]. Re-
cently, exosomes-based liquid biopsies have emerged as a non-
invasive, sensitive, real-time specific and cost-effective cancer di-
agnosis [9,10], as they contain tumor-specific proteins and nucleic
acids. However, the lack of efficient and robust technologies to iso-
late intact exosomes from biological fluids seriously restricts their
biomedical and clinical implementation.

To date, isolation approaches, such as ultracentrifugation (UC),
gradient ultracentrifugation, co-precipitation, size-exclusion chro-
matography as well as microfluidic-based techniques have been
developed for exosomes isolation [11-16]. For example, UC is
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served as the "gold standard" for exosomes purification. However,
this method is time consuming and often of low isolation effi-
ciency [17]. The polymer co-precipitation strategy based on com-
mercial kits can be used for reproducible isolation of exosomes
with low centrifugal forces. However, the method can also co-
precipitate miRNA and lipoproteins [18]. Currently, immunoaffin-
ity capture strategies have also been widely utilized for exosomes
isolation due to the advantages of high specificity, capacity, and
facileness to be incorporated into downstream analysis. As such,
exosomes-specific antibodies or exosomes-binding molecules were
exploited to be immobilized on solid supports, like beads [19,20],
metal-organic frameworks [21] or microfluidic chips [22-24] to
isolate exosomes in heterogeneous conditions. However, due to
their heterogeneous natures, the solid matrix-based approaches
suffer from interfacial mass transfer resistance, high steric hin-
drance and nonlinear binding dynamics [25-28]. When dealing
with extremely low abundance exosomes, it can yield low recov-
ery, poor reproducibility, and high non-specific adsorption.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. The schematic overview of synthesis and application of the pH-HGN for exosomes isolation.

To address this, we designed a soluble pH-responsive host-
guest-based nanosystem (pH-HGN) which offers homogeneous
capture and rapid recovery of intact exosomes with high-efficiency.
The soluble pH-HGN was prepared by copolymerization of pH-
responsive monomer with host-guest modules. First, dimethy-
laminoethyl methacrylate (DMAEMA) was chosen as the pH-
responsive monomer, due to its capacity to enable the designed
pH-HGN a sharp pH-triggered self-assembly in aqueous solu-
tion with rapid phase separation around physiological pH [29-
31]. This is vital for maintaining the biological function of ex-
osomes. For the host-guest modules, another monomer, acry-
lamide azobenzene (AAAB) (Figs. S1 and S2 in Supporting infor-
mation), was used as the "cleavable bridge" [20,32]. As shown
in Scheme 1, the poly(DMAEMA-co-AAAB) was successfully syn-
thesized with DMAEMA and AAAB as the monomers via free
radical polymerization. The pH-HGN was formed by further in-
troducing carboxymethyl-S-cyclodextrin sodium salt (8-CD)-anti-
CD63 antibody via host-guest noncovalent interactions between -
CD and AAAB. The pH-HGN could provide homogeneous circum-
stances for exosomes capture in aqueous solution around physio-
logical pH. Then, simply by raising the system pH, facile and effi-
cient exosomes isolation can be achieved by rapid self-assembly
of pH-HGN-exosomes conjugates. Last, a-cyclodextrin («-CD), a
biofriendly competition agent, was chosen to readily release ex-
osomes from pH-HGN through host-guest interaction in homoge-
neous condition. The isolated exosomes can be further exploited
for clinical downstream analysis. In comparison with the conven-
tional solid/insoluble matrix based exosomes isolation approaches,
our developed pH-HGN possesses three potential merits. First,
the soluble nature of the pH-HGN can substantially reduce the
steric hindrance effect which benefits for trace exosomes cap-
ture. Second, the pH-responsive chains in pH-HGN exhibit rapid
and reversible pH-induced phase transition around physiological
pH. The agglomerates of the pH-HGN could be obviously visu-
alized and then precipitated from solution with low-speed cen-
trifugation. Last, host-guest noncovalent interactions have been
introduced as smart "cleavable bridges" for exosomes release,
which provides facile and convenient exosomes recovery without
damage [20].

The compositions of the poly(DMAEMA-co-AAAB) were de-
signed to have phase transitions triggered near physiological pH.
As shown in Table S1 (Supporting information), the copolymer
with higher monomer ratio of DMAEMA was found to have a
higher pK,, which may be attributed to the elevated ratio of amine.
The copolymer with pK,; of 6.5 was chosen for further investi-

gation. The successful synthesis of poly(DMAEMA-co-AAAB) was
validated by Fourier transform infrared (FT-IR). The characteristic
peaks at 2950 cm~! and 2830 cm~! correspond to the symmetric
and asymmetric C-H stretching vibrations of methyl in DMAEMA
monomer, while the peaks at 1600 cm~! and 1500 cm~! are as-
signed to phenyl groups in AAAB monomer (Fig. S3a in Supporting
information). Fig. S3b (Supporting information) shows the 'H NMR
spectrum of the copolymer. The signals of aromatic protons at 8.0-
7.4ppm and methyl protons at 2.4-2.2 ppm confirm the presence
of azobenzene and tertiary amine units in the copolymer. The mo-
lar ratio of AAAB to DMAEMA in the copolymer was calculated to
be 1:1.2 from the integration of the aromatic and methyl proton
signals. Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) was further used to determine
the molecular weight of the copolymer. As shown in Fig. 1a, the
copolymer displayed a molecular weight about 347 kDa with low
polydispersity. The transmission electron microscope (TEM) image
shows that the poly(DMAEMA-co-AAAB) is of amorphous shape
with a diameter about 50-100 nm (Fig. 1b).

Narrow pH responsive range and high responsive sensitivity
can help to improve the sample recovery in subsequent exosomes
isolation procedures. Therefore, the pH-responsive properties of
poly(DMAEMA-co-AAAB) were evaluated by optical transmittance
experiments. As shown in Fig. 1c, after changing the pH from 7.0 to
7.5, the transparent yellow copolymer solution immediately turned
into turbid yellow suspension due to aggregation. The yellow color
originated from AAAB. The copolymer precipitates can be easily
separated by centrifugation at 3000g for 10 min (Fig. 1d). Further-
more, the transparency of the copolymer solution was investigated
by UV adsorption analysis in the pH range of 5.5-8.0. As shown
in Fig. le, at pH 6.5, the copolymer completely dissolved with
solubility calculated as 97.2% + 2.4%. The aggregation was trig-
gered at the critical pH value (pK; at 6.5) and the turbidity of the
polymer solution increased sharply. After changing the pH to 7.5,
over 98.0% + 0.7% copolymer had been precipitated. These results
proved that the copolymer displayed a sharp pH-triggered phase
transition, where the turbidity from 0 to 100% was limited to 1 pH
unit. Since repeated washing steps are required to remove the non-
specifically adsorbed biomolecules, the reversibility of the copoly-
mer was also investigated. As shown in Fig. 1f, the copolymer can
switch between dissolution and aggregation reversibly and repeat-
edly by variation pH between 6.0 and 8.0 for at least six cycles.
All these results indicated that the poly(DMAEMA-co-AAAB) could
potentially facilitate exosomes capture with rapid responsiveness
under physiological conditions.
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Fig. 1. Characterization of the poly(DMAEMA-co-AAAB): MALDI-TOF mass spectrum (a) and TEM image (b) of poly(DMAEMA-co-AAAB). (c) Optical images of poly(DMAEMA-
co-AAAB) solutions at different pH (5.5-8.0). (d) Visualization of pH-triggered phase transition of poly(DMAEMA-co-AAAB) at pH 8.0 and the copolymer precipitation after
centrifugation. (e) The turbidity-pH response curve of the poly(DMAEMA-co-AAAB). (f) The pH reversibility of poly(DMAEMA-co-AAAB) between pH 6.0 and pH 8.0.

The phase separation efficiency of poly(DMAEMA-co-AAAB)
(10mg/mL) at pH 7.5 was investigated under different centrifugal
forces and centrifugation time. As shown in Fig. S4a (Supporting
information), higher g-force and longer centrifugation time con-
tribute to lower residual rates of poly(DMAEMA-co-AAAB) in solu-
tion, which was about 1.6% + 0.20% after centrifugation at 3000g
for 10 min, indicating a high phase separation efficiency of over
98.0%. Further increasing the centrifugal force or extending the
centrifugation time has no significant effect on the phase sepa-
ration efficiency. Besides, the concentration of poly(DMAEMA-co-
AAAB) also has no significant effect on the phase separation effi-
ciency after centrifugation at 3000g for 10 min (Fig. S4b in Sup-
porting information). These results show that high phase separa-
tion efficiency can be achieved in 10 min when the centrifugation
is performed over 3000g.

Protein antifouling is an important factor for matrix mate-
rial in the capture of exosomes. The antifouling property of
poly(DMAEMA-co-AAAB) was firstly evaluated with human serum
albumin (HSA) and bovine serum albumin (BSA) as the model sam-
ples. The concentrations of HSA and BSA were chosen as high as
10mg/mL. As shown in Fig. S5 (Supporting information), after 1h
incubation of poly(DMAEMA-co-AAAB) with HSA or BSA solution,
and three washes with 1 mL PBS buffer, only 0.012% + 0.006% of
the original HSA and 0.02% + 0.002% of BSA were found, respec-
tively. Exosome-free human serum was further used to evaluate
the anti-contamination effect in real biological samples. The resid-
ual protein in the third wash was only 0.094% + 0.001% of the ini-
tial solution. These results indicate that, despite the high content
of protein in the incubation solution, the copolymer still showed
excellent antifouling ability, which facilitates to improve isolated
purity of exosomes.

Immunofluorescence experiments were performed to confirm
the successful immobilization of anti-CD63 antibody using FITC-
labeled goat anti-rabbit IgG. As shown in Fig. S6a (Supporting in-
formation), no fluorescence signal was observed for direct detec-
tion of poly(DMAEMA-co-AAAB). Similarly, without conjugation of
anti-CD63 antibody, no fluorescence signal was detected on the
poly(DMAEMA-co-AAAB) after incubation with the fluorescent sec-
ond antibody (Fig. S6b in Supporting information). This result can
also demonstrate the super antifouling ability of the copolymer. Af-

ter introducing of anti-CD63 antibody on poly(DMAEMA-co-AAAB),
the pH-HGN was obtained, which exhibited bright green fluores-
cence after incubation with the fluorescent second antibody (Fig.
S6¢ in Supporting information). These results confirm the success-
ful anti-CD63 antibody decoration. Additionally, quantitative inves-
tigation of anti-CD63 antibody immobilized on the pH-HGN was
executed by the BCA protein quantification kit through the deple-
tion method [33]. The amount of conjugated anti-CD63 antibody
on poly(DMAEMA-co-AAAB) (10 mg) was calculated to be about
5.17 £0.59 ng. The immobilization efficiency of anti-CD63 antibody
was about 85.0% + 1.5%.

To optimize the extraction efficiency of the pH-HGN based
strategy, the amount of pH-HGN and the incubation time were
investigated. The supernatants (4mL) harvested from H1299 cell
(seeded 5 x 10° cell/per 36 cm? flask) at 48h were used as the
model sample. The exosomes isolation efficiency [34] was opti-
mized according to the amount of total exosomal proteins ex-
tracted from the exosomes isolated by pH-HGN. As the amount
of pH-HGN increasing from 2.0mg to 16.0 mg, exosomal proteins
eluted from pH-HGN sharply increased to the maximum at 10 mg
pH-HGN (Fig. S7a in Supporting information). Further increasing
the amount of pH-HGN, the capture efficiency slightly decreased.
For the incubation time, the capture efficiency gradually increased
and reached to the maximum in 40 min (Fig. S7b in Supporting in-
formation). Extended incubation time did not further increase the
capture efficiency. Thus, the optimal amounts of pH-HGN and in-
cubation time were 10 mg and 40 min, respectively.

Under the optimal conditions, the exosomes isolated by pH-
HGN from H1299 culture medium was characterized by TEM. As
shown in Fig. 2a, the exosomes captured on the surface of pH-
HGN could be obviously observed. In addition, intact and well-
dispersed exosomes could be robustly recovered by simple elution
process and a typical phospholipid bilayer structure was revealed
(Fig. 2b). The purified exosomes displayed a single peak at ap-
proximate 123.23 +0.51 nm as determined by nanoparticle tracking
analysis (NTA) (Fig. 2c). The enrichment of typical exosomal mark-
ers HSC70, TSG101, CD81 and CD9 was confirmed by western blot.
As shown in Fig. 2d, the expression levels of these proteins were
undetectable in the cell culture medium before enrichment and su-
pernatant. However, after isolation with pH-HGN, all of the four
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cells-derived exosomes captured on (a) and eluted (b) from pH-HGN. (c) The size
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blot analysis of H1299 cells-derived exosomal markers HSC70, TSG101, CD81 and
CD9.
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proteins were clearly identified in the elution. In addition, the iso-
lation efficiencies of pH-HGN for H1299 and MCF-7 cell-derived ex-
osomes were 90.2% + 0.28% and 87.0% + 4.60%, respectively, prov-
ing the good reliability and broader possibilities of pH-HGN for dif-
ferent types of tumor cells. The capture efficiencies of pH-HGN are
comparable or higher than that of the recently reported methods
(Table S2 in Supporting information). The improved capture effi-
ciencies for trace exosomes achieved by the developed pH-HGN is
mainly due to the homogeneous enrichment nature, which could
offer good site accessibility and low mass transfer resistance. Be-
sides, the elution protocol based on host-guest interactions also
provides a biofriendly and efficient strategy.

UC is considered as the gold standard technique to isolate ex-
osomes from biological fluid. The developed pH-HGN was further
compared with the UC technique. First, the size and the total num-
ber of exosomes obtained from H1299 cell supernatant were com-
paratively analyzed according to the NTA measurements. As shown
in Fig. 3a, high amount of exosomes were successfully captured
by pH-HGN, which derived from the high captured efficiency of
the developed pH-HGN. Moreover, a significantly higher ratio of
exosomes was present in the expected size range (30-150nm)
compared that via the UC technique (Fig. 3b). Second, elevated
levels of exosomal marker proteins were also successfully recog-
nized via the developed pH-HGN. As shown in Fig. 3¢, compared
with the UC technique, high abundance exosomal markers HSC70,
TSG101, CD81, and CD9 could be easily identified after enrich-
ment by pH-HGN. The relative amounts of the exosomal markers
HSC70, TSG101, CD81, and CD9 recovered by the pH-HGN were
approximate 3.6, 2.9, 8.8, and 2.0-fold of that via the UC tech-
nique (Fig. 3d). The purity of captured exosomes has been pro-
posed to be defined as the ratio of particle counts to contaminat-
ing protein amount [35,36], which can be calculated based on the
NTA and BCA data. Our results revealed that the pH-HGN yielded
more exosomes than via UC (Fig. 3e). As far as the purity was
concerned, pH-HGN offered the purity as (1.49+0.71) x 10'! par-
ticles/ug, whereas UC offered (3.62+0.31) x 1010 particles/pg. The
purity of exosomes obtained by pH-HGN was 4.1 times higher than
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that via UC technique (Fig. 3f). Therefore, with the developed pH-
HGN, high purity of exosomes could be obtained with higher yield.

To examine the biological activity of exosomes isolated by pH-
HGN in vitro, a colony formation assay was performed to evaluate
the proliferative ability of H1299 cells after treatment with exo-
somes. The results showed that the exosomes treated cells formed
significantly more colonies in a dose-dependent manner compared
with the control group at 7 days (Fig. S8 in Supporting informa-
tion). Furthermore, the cell proliferation experiment was also per-
formed. The H1299 cells were treated with absence or in the pres-
ence of different concentrations (106, 108, 1019, 1012 particles/well)
of exosomes derived from H1299 cells for 24, 48 or 72 h. The pro-
liferation of cells was examined by CCK-8 analysis. As shown in
Fig. S9 (Supporting information), the exosomes isolated by pH-HGN
could significantly promote proliferation of H1299 cells in both
time-dependent and dose-dependent manners. Meanwhile, the ef-
fect of exosomes on apoptosis was also investigated by flow cyto-
metric annexin-V binding assay. H1299 cells were treated with ab-
sence or in the presence of different concentrations (108, 1010 par-
ticles/well) of exosomes for 48 h, respectively. As shown in Fig. S10
(Supporting information), the cell apoptosis rates were decreased
in exosomes treated groups compared with the control group (P
< 0.01), which demonstrated the inhibitory effect of exosomes on
cell apoptosis. All these results demonstrated that the exosomes
isolated by pH-HGN possess various biological activities.

Lung cancer remains the leading cause of cancer-related death
in China [37-39]. Early screening holds great promise to improve
the survival rates of lung cancer patients. Recently, serum derived
exosomes have become an emerging interest for early diagnosis
of cancer, since exosomes carry a wide variety of biomarkers and
the level of circulating exosomes is elevated in cancer patients
[9-12,40]. The applicability of pH-HGN for complex human serum
samples was studied. As shown in Fig. S11 (Supporting informa-
tion), the successful isolation of exosomes with high efficiency
was also achieved via pH-HGN approach. In addition, the purity
of isolated exosomes was evaluated with albumin (ALB), as ALB
is the most abundant circulating protein in plasma and the main
contaminant in exosomes isolation [41,42]. The result revealed
that non-exosome components hardly co-isolated with exosomes.
The clinical feasibility of the developed pH-HGN was further in-
vestigated by isolation and analysis of exosomes in the human
serum of 7 lung cancer patients with different pathologic types
and stages (7 healthy donors as the controls). The concentrations
of exosomes in the lung cancer group and healthy control group
were first evaluated with NTA, which were (6.27 +0.31) x 10° and
(1.51 £ 0.06) x 10° particles/mL, respectively. The NTA data revealed
that the concentration of exosomes in lung cancer patients was
more than 4 folds higher than those from the healthy persons. The
up-regulated expressions of HSC70, TSG101 and CD81 in exosomes
are often associated with many cancer types, including lung can-
cers. As shown in Fig. 4, the expression of exosomal markers in-
cluding HSC70, TSG101 and CD81 were detected by Western blot.
The expression levels of these marker proteins in serum exosomes
from lung cancer patients significantly exceeded those in serum
exosomes from healthy persons. These results further confirmed
the findings that the developed pH-HGN can exclusively capture
target exosomes, which show good application potential in medi-
cal and biological science.

In summary, a novel pH-responsive host-guest-based nanosys-
tem, pH-HGN, was successfully developed for homogeneous cap-
ture and efficient recovery of trace exosomes. The soluble pH-
responsive nature of pH-HGN enabled a homogeneous immune-
affinitive capture and mild elution of intact exosomes around phys-
iological pH with high efficiency and purity. Consequently, this
unique pH-HGN could provide a new tool for liquid biopsy-based
companion diagnostic assays.
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