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ABSTRACT: Biologics, including proteins and antisense oligonu-
cleotides (ASOs), face significant challenges when it comes to
achieving intracellular delivery within specific organs or cells
through systemic administrations. In this study, we present a novel
approach for delivering proteins and ASOs to liver cells, both in
vitro and in vivo, using conjugates that tether N-acetylated
galactosamine (GalNAc)-functionalized, cell-penetrating polydisul-
fides (PDSs). The method involves the thiol-bearing cargo-
mediated ring-opening polymerization of GalNAc-functionalized
lipoamide monomers through the so-called aggregation-induced
polymerization, leading to the formation of site-specific protein/
ASO-PDS conjugates with narrow dispersity. The hepatocyte-selective intracellular delivery of the conjugates arises from a
combination of factors, including first GalNAc binding with ASGPR receptors on liver cells, leading to cell immobilization, and the
subsequent thiol−disulfide exchange occurring on the cell surface, promoting internalization. Our findings emphasize the critical role
of the close proximity of the PDS backbone to the cell surface, as it governs the success of thiol−disulfide exchange and,
consequently, cell penetration. These conjugates hold tremendous potential in overcoming the various biological barriers
encountered during systemic and cell-specific delivery of biomacromolecular cargos, opening up new avenues for the diagnosis and
treatment of a range of liver-targeting diseases.

■ INTRODUCTION
Biomacromolecules, encompassing a wide spectrum of
therapeutics such as antibodies, recombinant proteins,
peptides, mRNA, siRNA, and antisense oligonucleotides
(ASOs), have emerged as a highly useful and rapidly advancing
category of medical treatments for their exceptional potency
and specificity.1−7 However, the challenge of achieving
selective intracellular delivery to specific organs or cells
through systemic administration remains a substantial hurdle
in clinical applications.8−11 This challenge stems from both the
inherent vulnerability and substantial size of biomacromole-
cules as well as the complex and sometimes conflicting
requirements for overcoming various biological barriers at
different scales. Targeting specific cells or organs has been
achieved through the development of ligands, such as
antibodies, peptides, aptamers, and small molecules, or through
in vivo screening systems like CELEX, ATTACK, and
SORT.12−15 Notably, liver-specific targeting has been accom-
plished using trivalent N-acetylated galactosamine (GalNAc)
ligands, leading to the approval of several siRNA and ASO
drugs on the market.16−21 However, cargo delivered via the
asialoglycoprotein receptor (ASGPR)-mediated internalization
pathway often becomes trapped within endosome/lysosome

compartments, necessitating high drug doses in clinical use. To
address these challenges, intracellular delivery systems for
biomacromolecules have been developed in recent years,
including lipid nanoparticles, polymers, and organic−inorganic
hybrid systems such as metal−organic frameworks.22−33 Still,
dose-limiting cationic (ionizable) components are often
required to facilitate endosomal escape, irrespective of the
distinct physicochemical properties of protein and nucleic acid
cargos, potentially leading to systemic cytotoxicity.34 Addi-
tionally, the efficiency of intracellular delivery can be
compromised by the ineffective release of the cargo from the
carrier system.35−37 To this end, it is important to develop a
simple, charge neutral, yet highly effective delivery system
capable of addressing multiple challenges, including targeting,
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cell penetration, and controlled intracellular release in a
spatially and temporally controlled manner.38−55

Here, we report a streamline strategy employing GalNAc-
functionalized polydisulfide (PDS) for the delivery of biologics,
proteins, and ASOs, for example, into liver cells. The system is
ultimately simple, requiring only a single-step, room-temper-
ature mixing of thiol-functionalized protein/oligonucleotides
(ONDs) with GalNAc-functionalized 1,2-dithiolane mono-
mers to create the corresponding PDS conjugates (Figure 1).
The GalNAc-functionalized PDS possesses a neutral charge,
facilitates liver cell targeting through GalNAc-ASGPR
recognition, and achieves selective internalization via succes-
sive PDS-mediated membrane penetration (Figure 1). More-
over, the biomacromolecular cargo can be tracelessly released
through PDS degradation triggered by high intracellular
glutathione (GSH) concentrations (Figure 1).

■ RESULTS AND DISCUSSION
Previously, multivalent GalNAc-functionalized polymers and
nanoparticles have been developed to encapsulate cargos via
various physical interactions.56−58 Nonetheless, the backbone
of these polymers commonly lacked the ability to cross the cell
membrane without cations and biodegradability to release
cargos intracellularly. For this, we aimed to covalently
conjugate GalNAc-functionalized PDS to protein or OND.
We envisaged that the covalent conjugation of PDS could
avoid premature release in vivo and the unique cell-penetrating
capability of PDS could facilitate liver cell internalization
additional to the ASGPR-mediated endocytosis.59−71 To
ensure satisfactory liver cell targeting, we designed and
screened a series of GalNAc-functionalized lipoamide mono-
mers with linkers of different lengths and hydrophobicities
(Figure 2A). The monomers were successfully obtained via the
synthetic route shown in Figure S1, with the yield above 80%
for each step. The molecular identity and purity of the
monomers were confirmed by 1H and 13C NMR spectroscopy,
and mass spectrometry (MS), which were compiled in Figures
2C and S2−S14. Normally, the bulky glycol side chain and the
low ring strain of 1,2-dithiolanes hamper the polymerizability
of these monomers. To circumvent this synthetic challenge, we

sought to test the recently reported aggregation-induced
polymerization (AIP) effect, namely, the aggregation of
amphiphilic monomers in aqueous solutions to boost the
local monomer concentration and facilitate ROP at concen-
trations significantly under [M]eq, the equilibrium monomer
concentration.72 Indeed, dynamic light scattering (DLS)
indicated that the GalNAc-bearing lipoamide monomers
formed aggregates in water at roughly 50 mM or higher
(Figure S15). To test the polymerizability of these monomers,
an enhanced green fluorescent protein mutant containing a
reactive cysteine (EGFP-SH) was used as a model initiator
(Figure 2B). Among the tested monomers, LPA-EG2GalNAc
and LPA-EG3GalNAc had excellent aqueous solubility and
were found to polymerize at an initial monomer concentration
([M]0) as low as 100 mM thanks to the AIP effect (Figure
2C). LPA-C2GalNAc and LPA-C3GalNAc, less soluble than
the former two, were polymerized at a [M]0 of 200 mM in
aqueous solutions containing 20% DMSO. As shown in the
nonreducing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), all conjugates were narrowly
dispersed with an average apparent molecular weight (MW) of
∼ 45 kDa (Figure 2D). Further analysis of EGFP-
p(C2GalNAc), the conjugate composed of EGFP and PDS
of LPA-C2GalNAc, via SEC (SI) revealed a sharp peak
corresponding to an apparent MW of 44 kDa and a dispersity
of 1.02 (Figure 2E), which agreed well with the SDS-PAGE
result (Figure 2D). The MW and degree of polymerization
(DP) of p(C2GalNAc) in this sample were thus estimated to
be 16 and 35 kDa, respectively. Few free EGFP-SH was left
after the polymerization, highlighting the excellent initiation
efficiency of this grafting-from strategy. Treating EGFP-
p(C2GalNAc) with glutathione or other reducing reagents
under physiology-relevant conditions fully recovered native
EGFP-SH, implying potential ability of traceless cargo release
from the conjugate in an intracellular environment (Figure
S16).
Next, by measuring the fluorescence of EGFP using flow

cytometry, we investigated the hepatocyte-selective delivery of
EGFP-p(C2GalNAc), a conjugate composed of EGFP and
PDS of polymer of LPA-C2GalNAc. HepG2 and HeLa, two
human cancer cell lines with high and low expression of

Figure 1. Schematic illustration of the grafting-from synthesis and targeted intracellular delivery of protein/oligonucleotide−PDS conjugates into
liver cells.
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ASGPR, were employed as positive and negative cell line,
respectively. To verify the GalNAc-ASGPR-dependent deliv-
ery, we also produced two control EGFP-PDS conjugates
bearing a N-acetylated glucosamine and PEG side chain,
namely, EGFP-p(GlcNAc) and EGFP-p(LPA-PEG), respec-
tively. The three conjugates were made of similar size with a
PDS degree of polymerization (DP) of ∼100 (Figure S17).
EGFP-p(C2GalNAc) showed low uptake by HeLa cells but
high HepG2 uptake to a level comparable to the positive
control, a commercially available FAM-labeled anti-ASGPR
antibody. In contrast, EGFP and all other control conjugates
without the GalNAc side group displayed essentially no uptake
in both cell lines (Figure 3A). Moreover, the results of the
competitive flow cytometry experiments, in which EGFP-
p(C2GalNAc) was coincubated with various designated
inhibitors, indicated that the uptake of EGFP-p(C2GalNAc)
by HepG2 was strongly inhibited by GalNAc and p(C2Gal-
NAc), but not GlcNAc and p(GlcNAc) (Figures 3B and S18).
More specifically, the polymeric p(C2GalNAc) was ∼100-fold

more effective in diminishing the cellular uptake of EGFP-
p(C2GalNAc) than the small molecular inhibitor GalNAc
(Figure 3B), a phenomenon in line with the multivalent
binding pattern of GalNAc and ASGPR. Of note, neither of the
conjugates nor EGFP itself showed observable cytotoxicity in
the tested concentration ranging from 50 to 14,000 nM
(Figures S19 and 20). Together, the above results confirmed
that the conjugation of GalNAc-functionalized PDS led to cell-
selective uptake of the protein cargo.
Matile et al. previously reported the cell-membrane-

penetrating effect of PDS through the proposed thiol−disulfide
exchange reactions.73,74 To investigate the role of the PDS
backbone of EGFP-p(C2GalNAc) in the uptake by HepG2, we
preblocked the thiol groups on the cell surface with various
thiol-reactive agents for 30 min. It was found that all of the
reagents, namely, iodoacetamide (IAM), 5,5′-dithiobis (2-
nitrobenzoic acid) (DTNB), and maleimide, exhibited modest-
to-high levels of inhibition on the cellular uptake of EGFP-

Figure 2. (A) Structures and nomenclature of the GalNAc-functionalized lipoamide monomers (LPA-R-GalNAc) used in this study. (B) Synthetic
scheme of the EGFP-SH-initiated polymerization of LPA-R-GalNAc monomers. (C) 1H NMR spectrum of LPA-C2GalNAc (400 MHz, DMSO-
d6). (D) Nonreducing SDS-PAGE of different EGFP-p(R-GalNAc) conjugates. All polymerizations were conducted at a [M]0/[protein] ratio of
1500/1 and quenched at 4 h with maleimide; [M]0 = 100 or 200 mM. (E) SEC trace of EGFP-p(C2GalNAc) analyzed by FPLC equipped with a
superdex 200 SEC column, a miniDAWN TREOS laser light scattering detector, and an Optilab T-rEX refractive index detector. The dn/dc of the
conjugate was calculated as 0.185 mL/g. The small shoulder peak denoted by the red arrow is the dimer of the remaining EGFP-SH.
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p(C2GalNAc), echoing the findings of Matile et al. (Figure
3C).
We then performed confocal laser scanning microscopy

(CLSM) to verify the targeted intracellular delivery of the
conjugate EGFP-p(C2GalNAc), with EGFP-p(GlcNAc) as the
control group for comparison. Strong EGFP fluorescence

signal was observed for HepG2 cells incubated with EGFP-
p(C2GalNAc) but not EGFP-p(GlcNAc) (Figure 3D).
Importantly, a large portion of the green fluorescence signals
were smeared within the cells and did not colocalize with the
lysosome, confirming the cytosolic delivery of EGFP-
p(C2GalNAc).

Figure 3. In vitro HepG2 cell-selective delivery. (A) Intracellular delivery of 1000 nM EGFP and various conjugates (EGFP-p(LPA-PEG), EGFP-
p(GlcNAc), and EGFP-p(C2GalNAc)) into HepG2 or HeLa cells. (B) Plots of the concentration-dependent inhibitory effect of GalNAc, GlcNAc,
p(C2GalNAc), and p(GlcNAc) on the delivery efficiency of 1000 nM EGFP-p(C2GalNAc) into HepG2 cells. (C) Inhibition of the delivery of
1000 nM EGFP-p(C2GalNAc) to HepG2 cells by various thiol-reactive agents: iodoacetamide (1 mM), DTNB (1 mM), or maleimide (50 μM).
The intracellular delivery was assessed via EGFP fluorescence in flow cytometry. (D) CLSM images of HepG2 cells incubated with 1000 nM
EGFP-p(C2GalNAc) or EGFP-p(GlcNAc). Green: EGFP and red: lysosome. (E) Proposed cell uptake pathway of EGFP-p(C2GalNAc). Data are
presented as the mean ± SD. p Value was determined by the unpaired t test analysis: *** p < 0.001 and **** p < 0.0001.
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Combining all of the findings, we proposed the following
plausible cellular uptake pathway (Figure 3E): In HepG2 cells
overexpressing ASGPR, EGFP-p(C2GalNAc) swiftly adhered
to and immobilized itself on the cell surface through the
interaction between the GalNAc ligand and ASGPR (Figure
3A,B). In close proximity to the reactive thiol groups present
on the cell surface, the anchored conjugate was then
internalized via the previously reported thiol−disulfide
exchange reactions (Figure 3C).60 Conversely, for other cells
with low ASGPR expression, such as HeLa cells, the
internalization process was hindered (Figure 3A) as the
bulky conjugate failed to anchor itself effectively onto the cell
surface, thus unable to initiate effective of thiol−disulfide
exchange reactions. This hypothesis was further supported by
the observation that both EGFP-p(GlcNAc) and EGFP-
p(LPA-PEG) displayed minimal cellular uptake in both
HepG2 and HeLa cells (Figure 3A). Of note, the conventional
GalNAc-ASGPR-mediated endocytosis pathway was not
inhibited but coexisted as an additional internalization route,
as dotted green fluorescence was still visible (Figure 3D) and
blocking of thiol−disulfide exchange did not completely shut
down the internalization of conjugates (Figure 3C).
Collectively, our cellular uptake results underscored the
significance of close spatial contact as a previously overlooked
prerequisite for PDS-mediated penetration. Presumably, for
PDS with substantial bulky side chains, in the absence of
selective ligand recognition (e.g., GalNAc-ASGPR) or non-
selective adsorption (e.g., polycations interacting with the cell

membrane) to facilitate the attachment of the polymer to the
cell surfaces, the bulky side chains could shield the PDS
backbone, impeding thiol−disulfide exchange reactions and
thereby hindering cellular internalization.
Having verified the hepatic targeting ability of the GalNAc-

functionalized conjugates, we continued to explore optimal
conditions for the maximized delivery efficiency of EGFP-
p(C2GalNAc). The targeting effect was observed when HepG2
cells were incubated with EGFP-p(C2GalNAc) at 40 mM, and
a monotone increase of the cellular uptake was seen as the
concentration of EGFP-p(C2GalNAc) was raised to 1000 mM
(Figure 4A). Furthermore, the level of conjugate internal-
ization increased gradually with incubation time and reached
equilibrium between 2 and 4 h (Figure 4B). The effect of the
GalNAc ratio in the PDS on the delivery efficiency was also
investigated by copolymerizing LPA-GlcNAc and LPA-
C2GalNAc monomers at different ratios, which, as expected,
gave greater internalization as the ratio of LPA-C2GalNAc
became higher (Figures 4C and S21). Previous studies have
highlighted the linker length and flexibility on the GalNAc-
ASGPR binding;57 therefore, we also investigated the effect of
link on the delivery efficiency. Four GalNAc-functionalized
conjugates with similar apparent molecular weights (EGFP-
p(C2GalNAc), EGFP-p(C3GalNAc), EGFP-p(EG2GalNAc),
and EGFP-p(EG3GalNAc)) were made and found to be
delivered into HepG2 cells with comparable efficiencies
(Figure S22).

Figure 4. Optimization of the intracellular delivery of EGFP-p(C2GalNAc) into HepG2 cells under different conditions: (A) conjugate
concentration, (B) incubation time, (C) GalNAc ratio, and (D) degree of polymerization. Data are presented as mean ± SD. p Value was
determined by the unpaired t test analysis: **** p < 0.0001.
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Next, the DP of p(LPA-C2GalNAc) (30, 60, 70, 90, 110,
and 140), which was controlled by simply varying the reaction
time, was tuned in the EGFP-p(C2GalNAc) conjugates to
probe the size effect. Interestingly, for the conjugates with a
DP of p(LPA-C2GalNAc) of 90 or smaller, no significant
difference in the cellular uptake level was detected. We
reasoned that, as only trivalent GalNAc was needed to bind
ASGPR, a DP of 30 or above would be sufficiently long to offer
equally strong binding for targeting. However, when the DP of
p(LPA-C2GalNAc) was increased to 110 or 140, the delivery
efficiency of the conjugates decreased significantly (Figures 4D
and S23). A similar trend was observed for the delivery results
of another GalNAc-functionalized conjugate, EGFP-p(EG3-
GalNAc) (Figures S24 and 25). We reasoned that while a
higher DP of PDS was unlikely to affect the binding of the
conjugate to ASGPR, the larger size of the conjugate would
likely jeopardize the subsequent PDS-mediated membrane
penetration. According to the proposed cell internalization
routes, close proximity was required for the on-surface thiol−
disulfide exchange (Figure 3E), and unnecessarily long p(LPA-
C2GalNAc) would probably increase the distance of the
terminal cargo to the cell membrane statistically. Conse-
quently, the portion of noneffective thiol−disulfide exchange,
i.e., premature cargo release due to PDS depolymerization, and
failed internalization due to the large size would be more
pronounced for those PDS with DP of greater than a certain
size.
Motived by the successful conjugation of proteins, we were

then encouraged to test whether the same strategy could be
expanded to ASO, a class of important oligonucleotide (OND)
drugs. Our initial attempts to polymerize LPA-EG2GalNAc
using a thiol-tethered oligonucleotide (ASO-SH) as an
initiator, unfortunately, were found unsuccessful when
following the condition for making the EGFP conjugate. We
tentatively attributed the failed synthesis to the high negative
charge density of ASO, which prevented effective contact of
the initiator with the monomer aggregates.75 To test this
hypothesis and solve the problem, we screened a few cationic
surfactants and found that adding cetyltrimethylammonium

bromide (CTAB) into the ROP system was effective in
generating the desired ASO conjugates. Agarose gel electro-
phoresis of the reaction mixture found the disappearance of the
ASO-SH band, along with a new band appeared at the higher
MW region attributable to the corresponding ASO-PDS
conjugate (Figure 5A,B). Presumably, the use of CTAB
increased the lipophilicity of ASO-SH, which was beneficial in
bringing the monomers and the macroinitiator together for
ROP.
The intracellular delivery efficiency of ASO-p(EG2GalNAc)

in HepG2 cells was then investigated. Cy3-maleimide was
covalently linked to both ASO-SH and ASO-p(EG2GalNAc),
and the fluorescence intensity in HepG2 cells was analyzed by
flow cytometry. The results showed that free ASO-Cy3 of 10
nM was barely taken up by HepG2 cells, with no significant
difference compared to that of the blank control group. In
contrast, HepG2 cells treated with the same concentration of
ASO-p(EG2GalNAc) conjugate exhibited significantly in-
creased fluorescence intensity (Figure 5C). Subsequently, we
investigated whether the ASO was indeed delivered into the
cytosol to execute its biological function. For this, we selected
proprotein convertase subtilisin-kexin type 9 (PCSK9), a
common therapeutic target in hepatic metabolic disorders, as
our target. PCSK9 is a serine protease that significantly reduces
the low-density lipoprotein receptor (LDLR) on liver cells,
affecting the metabolism and clearance of low-density
lipoprotein cholesterol (LDL-C) in the bloodstream.76

Elevated PCSK9 accelerates the clearance of LDLR on the
cell surface, leading to increased cholesterol levels in the blood
and risk of various cardiovascular diseases.77 Here, we
constructed a thiol-tethered anti-PCSK9 ASO with the
sequence obtained from previous studies,78 and successfully
prepared the conjugate. HepG2 cells were treated with ASO-
p(EG2GalNAc) at different concentrations, and the intra-
cellular PCSK9 levels were analyzed by Western blotting after
24 h of treatment. The results showed ASO-p(EG2GalNAc)
dose-dependent reduction in the PCSK9 protein level, with
approximately 70% knockdown at 2000 nM ASO-p(EG2Gal-
NAc) (Figures 5D,E and S26). In contrast, treatment of the

Figure 5. Synthesis and intracellular delivery of ASO-p(EG2GalNAc) for in vitro PCSK9 inhibition. (A) Scheme of the ASO-SH-initiated
polymerization of LPA-EG2-GalNAc. (B) Agarose gel electrophoresis characterization of the resulting conjugate ASO-p(EG2GalNAc). (C)
Fluorescence of Cy3-labeled ASO and ASO-p(EG2GalNAc) in HepG2 cells using flow cytometry. (D) Western blot analysis of PCSK9 knockdown
by ASO-p(EG2GalNAc) in HepG2 cells. (E) Quantitative analysis of the inhibition efficiency of ASO-p(EG2GalNAc) based on 2 independent
repeats. Data are presented as mean ± SD. p Value was determined by the unpaired t test analysis: *** p < 0.001 and **** p < 0.0001.
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cells with free ASO at the same concentration did not affect
intracellular PCSK9 levels. This result unambiguously
demonstrated the successful intracellular delivery of ASO-
p(EG2GalNAc) into HepG2 cells with retained biological
functions. Considering that we used an ASO with no chemical
modifications on the oligonucleotide backbone,46,79 there is
likely plenty of room for potency optimization using this
p(EG2GalNAc) conjugation strategy once state-of-the-art
modification technologies were employed to the ASO.
To validate the liver-targeted delivery in vivo, we prepared a

model conjugate of interferon (IFN) and PDS composed of
LPA-EG2GalNAc. Briefly, an IFN mutant with a reactive
cysteine was used to initiate the ROP of LPA-EG2GalNAc to
yield the corresponding conjugate IFN-p(EG2GalNAc). The
conjugate IFN-p(GlcNAc) and pristine IFN were selected as
negative control groups (Figure S27). All of the groups were
modified with a fluorescent dye Cy5, and the mice were closely
monitored with fluorescence imaging in the first 4 h and
sacrificed at 24 h. Live animal imaging at different time points
showed that the fluorescent signal of IFN-p(EG2GalNAc)
accumulated in the liver immediately upon injection (5 min),
growing rapidly and reaching the maximized liver signal at
∼2.5 h. Interestingly, the signal slowly decreased after 4 h
(Figure 6A), which could be attributed to the PDS
depolymerization in the liver, the organ known to contain a
high GSH concentration. Despite the live animal imaging
showing almost no fluorescent signal at 24 h, the extracted
organ fluorescence imaging still showed a significant liver
enrichment effect for IFN-p(EG2GalNAc) over the other two
groups (Figure 6B). Overall, the in vivo imaging study
demonstrated the potential of this conjugate for targeted
delivery of biologics to the liver.

■ CONCLUSIONS
The polymerization of bulky lipoic acid derivatives has posed a
significant challenge in the past. In this study, we successfully
overcome this obstacle by harnessing the AIP effect. This
innovative approach enabled us to achieve the ROP of several
glycol-functionalized lipoamide monomers initiated by thiol-
functionalized proteins and ASOs. Consequently, we produced

site-specific protein/ASO-PDS conjugates with remarkably
narrow dispersity. Among these conjugates, GalNAc-function-
alized PDS has exhibited selective intracellular delivery of
biologics into hepatocytes with retained functions both in vitro
and in vivo. This selectivity arises from a synergistic interplay
between GalNAc-ASGPR binding, which mediates precise cell
targeting, and on-surface thiol−disulfide exchange for efficient
cell internalization. Our findings underscore the critical role
played by the close proximity of the PDS backbone to the cell
surface, a factor that had previously been overlooked, in
orchestrating the successful thiol−disulfide exchange and
subsequent cellular penetration. It is important to note that
while liver targeting has been pursued through various
strategies in the past, many of these approaches encountered
clearance by Kupffer cells in the liver or faced challenges with
low endosomal escape efficiency. In the future, this versatile
platform could be further empowered by incorporating various
functional groups into the side chain of a PDS for tailored
properties and biological functions. Notably examples include
but are not limited to conjugating amphiphilic cell-penetrating
and cell-targeting PDS for self-assembly, adding stimuli-
sensitive side chains for tumor-microenvironment responsive-
ness and modulation, and integrated theranostics. These newly
developed conjugates hold immense promise in surmounting
the complex biological barriers encountered during systemic
and cell-selective delivery of biomacromolecular cargos. The
study represents a significant advancement in the field and
offers exciting possibilities for the diagnosis and treatment of
various liver-targeting diseases.
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