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Reduction sensitive linkers (RSLs) have the potential to transform the field of drug delivery due to their ease
of use and selective cleavage in intracellular environments. However, despite their compelling attributes,
developing reduction sensitive self-immolative linkers for aliphatic amines has been challenging due to
their poor leaving group ability and high pK, values. Here a traceless self-immolative linker composed of
a dithiol-ethyl carbonate connected to a benzyl carbamate (DEC) is presented, which can modify
aliphatic amines and release them rapidly and quantitatively after disulfide reduction. DEC was able to
reversibly modify the lysine residues on CRISPR-Cas9 with either PEG, the cell penetrating peptide
Argio, or donor DNA, and generated Cas9 conjugates with significantly improved biological properties. In
particular, Cas9-DEC-PEG was able to diffuse through brain tissue significantly better than unmodified
Cas9, making it a more suitable candidate for genome editing in animals. Furthermore, conjugation of
Arg;o to Cas9 with DEC was able to generate a self-delivering Cas9 RNP that could edit cells without
transfection reagents. Finally, conjugation of donor DNA to Cas9 with DEC increased the homology
directed DNA repair (HDR) rate of the Cas9 RNP by 50% in HEK 293T cell line. We anticipate that DEC
will have numerous applications in biotechnology, given the ubiquitous presence of aliphatic amines on
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Introduction

Reduction sensitive linkers (RSLs) have great potential as
reagents for developing drug delivery vehicles and are ubiqui-
tously used in drug delivery and pharmaceutical sciences."”
RSLs are selectively cleaved in the intracellular reducing envi-
ronment of the cell and have played an important role in the
development of antibody drug conjugates (ADCs), protein
conjugates and nucleic acid delivery vehicles."®° In addition,
RSLs are slowly cleaved in the serum and have been used for
developing controlled release reservoirs and for enhancing the
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small molecule and protein therapeutics.

circulation half-life of biomolecules. Finally, RSLs have
compelling synthetic and product development attributes
because they are relatively stable and can survive multi-step
synthetic procedures without self-hydrolyzing.*

An important application of RSLs is for the reversible
modification of lysine residues on proteins. For example, a wide
number of compounds have been developed that can improve
the therapeutic efficacy of proteins, such as PEG or cell pene-
trating peptides.'®"> These adjuvants need to be conjugated to
proteins in order to enhance protein delivery. Lysine residues
are ubiquitously present on proteins and can be easily modified
under mild aqueous conditions because of their high nucleo-
philicity, and are therefore an attractive target for conjugating
adjuvants to proteins. However, lysine residues are also
frequently essential for protein activity and extensive modifi-
cation usually compromises protein activity. Therefore, RSLs
that can reversibly modify lysine residues have the potential to
overcome this limitation and thus service as a promising
strategy for protein delivery.*

Two major classes of RSLs have been developed to modify
aliphatic amines, which are disulfide carbamates (DCBs)***
and dithiobenzyl carbamates (DTBs)."**® Even though DCBs
and DTBs (Fig. S11) have demonstrated the great potential of
RSLs in prodrug design, they have not found widespread
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applications for protein delivery due to their slow self-
immolation rates or incomplete release. There is consequently
great interest in developing new amine-modifying RSLs that can
modify the lysine residues of proteins in a traceless manner.***

In this report, we present a traceless self-immolative linker,
which is composed of a dithiol-ethyl carbonate linker combined
with a benzyl carbamate linker, termed DEC (Fig. 1a). DEC is
composed of two rapidly hydrolyzing self-immolative linkers
connected in series, and this unique design allows it to over-
come the challenges associated with making RSLs for aliphatic
amines. The two linkers embedded in DEC are a thiol-ethyl
carbonate linker and a 1,6-elimination linker.>® These two
linkers were selected for incorporation in DEC because they
individually release alcohols instantaneously and amines after
activation. Specifically, the thiol-ethyl carbonate linker rapidly
releases a cyclic thiol ether after disulfide reduction, and the
1,6-elimination linker rapidly releases aliphatic amines. Our
hypothesis is that by combining the thiol-ethyl carbonate linker
with the 1,6-elimination linker, we would generate a novel RSL
which rapidly releases amines through a two-step release
mechanism after reduction (Fig. 1a). In step 1, the thiol-ethyl
carbonate linker of DEC is reduced, generating a free thiol
which spontaneously cyclizes into a cyclic ether, causing the
hydrolysis of the carbonate in DEC and the release of a phenol.
In step 2 the phenol intermediate triggers the 1,6-elimination
process to release the aliphatic amine. In this paper, DEC was
used to develop new prodrugs and also modify the genome
editing enzyme CRISPR-Cas9 (ref. 21) with PEG, CPPs and
donor DNA (Fig. 1b). We anticipate that DEC has numerous
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potential applications in biotechnology given the ubiquitous
presence of aliphatic amines on small molecules and protein
therapeutics.*

Results and discussion

To investigate if DEC-modified aliphatic amines can be quan-
titatively and rapidly released after disulfide reduction, a cipro-
floxacin-PEG conjugate was synthesized by modifying the
amine on ciprofloxacin with DEC (Fig. 2a) (see Fig. S21 for
synthesis). Ciprofloxacin was selected as a model drug for
kinetic study of DEC because modification of its amine results
in its inactivation.”® In addition, the fluorescence of cipro-
floxacin facilitates its analysis by HPLC. As a control, cipro-
floxacin was also conjugated to PEG with the DCB and DTB
linkers (PEG-DCB-Cipro and PEG-DTB-Cipro, see Fig. S3 and
S4+ for synthesis). In addition, a methyl substituted DCB linker
(DCBye) was also synthesized (Fig. S51).>** The release kinetics
of ciprofloxacin from the four disulfide linkers was investigated
in the presence of glutathione (GSH) (10 mM) to mimic the
intracellular environment, and was monitored by HPLC
(350 nm wavelength) (Fig. S61). Fig. 2c demonstrates that PEG-
DEC-Cipro rapidly and quantitatively released free cipro-
floxacin after disulfide reduction, and had a half-life of 5
minutes to regenerate unmodified ciprofloxacin after GSH
reduction. In contrast, the release half-life of PEG-DCB-Cipro
was 90 minutes after disulfide reduction Interestingly, PEG-
DCBy.—Cipro showed much faster release kinetics than the
traditional DCB linker (half-life 15 minutes), this data is in
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Fig.1 DEC is a new reduction sensitive linker that can modify aliphatic amines and release them in a traceless manner. (a) DEC is composed of
two rapidly hydrolyzing self-immolative linkers connected in series, in particular a thiol-ethyl carbonate linker and a 1,6-elimination linker. In the
presence of reducing reagents such as GSH, the disulfide bond in DEC is reduced, generating a free thiol which spontaneously cyclizes into
a cyclic thioether, causing the release of its phenol (step 1). The phenol intermediate triggers the 1,6-elimination process to release the aliphatic
amine (step 2). (b) DEC has the potential to accelerate the development of new prodrugs and protein delivery vehicles. DEC was able to PEGylate
Cas9 protein, which was able to diffuse through brain tissue significantly better than free Cas9. In addition, DEC was also used to synthesize
a self-delivering Cas9 RNP composed of Cas9 RNP conjugated to the CPP (Arg);o. Finally, conjugation of donor DNA to Cas9 with DEC-PEG
dramatically increased the homology directed repair (HDR) rate of the Cas9 RNP.
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Fig. 2 PEG-DEC-Cipro releases ciprofloxacin rapidly and quantitatively after reduction. (a) Chemical structures of PEG-DEC-Cipro, PEG—
DCB-Cipro, PEG-DCBwue—Cipro and PEG-DTB-Cipro. (b and c) DEC (blue) releases free ciprofloxacin completely with a t; > of 5 minutes in the
presence of cellular GSH concentrations (10 mm) at pH 7.4. In contrast, the DTB linker (red) had a t;/, of 30 minutes and was unable to completely
release the free amine and the DCB linker (green) had a ty,, of 90 minutes. DCBe linker (purple) has a t;,, of 15 minutes, which is shorter than the

traditional DCB linker.

accordance with the results recently published by Zhang et al.**
PEG-DTB-Cipro had a half-life of 30 minutes. However, PEG-
DTB-Cipro was unable to quantitatively regenerate free cipro-
floxacin, due to the build-up of a new ciprofloxacin-containing
side product (Fig. S6bt). These results demonstrate that DEC
can release aliphatic amines rapidly and quantitatively after
reduction.

We performed additional experiments to investigate if the
ciprofloxacin released from PEG-DEC-Cipro was biologically
active, given that modification of the amine of ciprofloxacin
causes its inactivation. The minimum inhibitory concentration
(MIC) of PEG-DEC-Cipro was measured in the presence of GSH
(10 mM) on E. coli SF207, a clinical strain resistant to a variety of
antibiotics, isolated from a patient with bloodstream infection
(see ESI page S117 for detail). Table S11 shows that the MIC of
PEG-DEC-Cipro was 0.25 ug mL~' (at an equivalent dose of
ciprofloxacin) in the presence of GSH (10 mM), which is the
same as free ciprofloxacin, while the MIC is much higher
without GSH (>1 pg mL ™).

An important application of amine reactive self-immolative
linkers is for the reversible modification of lysine residues on
proteins. For example, a wide number of compounds have been
developed that can improve the therapeutic efficacy of proteins,
such as PEG or cell penetrating peptides.'**> These adjuvants

This journal is © The Royal Society of Chemistry 2020

need to be conjugated to proteins in order to enhance protein
delivery. However, this remains challenging due to the lack of
efficient linkers that can reversibly modify aliphatic amines. We
therefore investigated if DEC could reversibly modify the lysine
residues of proteins, and if it exhibited the same benefits over
the DTB and DCB linkers, when attached to proteins.
CRISPR-Cas9 was selected as a model protein for investiga-
tion and was PEGylated with DEC. Cas9 is an excellent testbed for
investigating the self-immolative nature of DEC because it has
multiple lysine residues in its active site, and widespread modi-
fication of the lysine residues will result in its inactivation.*® In
addition, there is currently great interest in PEGylating Cas9,
which has the potential to address several of the challenges
associated with Cas9 delivery, in particular, its immunogenicity,
slow diffusion through tissue and proteolysis in serum.>*
mCherryCas9 (a Cas9 variant that is fused to mCherry) was
PEGylated using the DEC, DTB or DCB linkers (Fig. 3a and S87),
and the release of PEG and the regeneration of Cas9 nuclease
activity was determined after GSH reduction. Fig. S91 and 3b
demonstrate that mCherryCas9 was efficiently PEGylated by all
three linkers, but only the DEC linker efficiently released PEG
after reduction for 1 hour (98% vs. 34% and 29%). Fig. 3c
demonstrates that the nuclease activity of mCherryCas9 was
significantly inhibited by PEGylation, regardless of the linker

Chem. Sci., 2020, 11, 8973-8980 | 8975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc00929f

Open Access Article. Published on 12 August 2020. Downloaded on 11/21/2025 4:53:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

a) g
PEG —
NH, -Disulfide-linker -
multiple lysine conjugation ™\ 4
HN 9 NH; PEG -ﬂ N PEG
NH, W GSH triggered traceless release 'ﬁ'
Native Cas9 +GSH o
*
-m lu
o
b) ) Cas9-linker-PEG
97.8% 100 -
100 - 80%
X 80 i 80
2 804 £
@ 2 60 -
o 604 e
[]
m . on Q -
@ 40 29.3% 3;_1/ § 40
S 201 S 20 -
c
0 -
GSH
Y
o"’i. O’DZ‘_ 009;
o“éé@o o“éc‘& c}‘éc‘:&
o R4 Q'
N St 5

Native Cas9

Cas9-DEC-PEG

Fluorescence

Fig. 3 mCherryCas9 can be conjugated to PEG via DEC and regains activity after reduction by GSH. (a) PEGylation of mCherryCas9 via three
different disulfide linkers (DEC, DTB and DCB). (b) Release of PEG from mCherryCas9-disulfide—PEG after GSH (10 mm) incubation for 1 hour.
mCherryCas9 release was analyzed by SDS-PAGE gel. (c) In vitro nuclease activity of the three mCherryCas9—-disulfide—PEG conjugates was
evaluated before and after reduction by GSH (10 mm). (d) Striatal distribution in the mouse brain after injection with AlexasggCas9 (left striatum) or
AlexasggCas9—-DEC-PEG5k (right striatum). Immunohistological staining (IHC) against Cas9 protein was visualized with DAB peroxidase
substrate kit. Fluorescence microscope (green channel: 488 nm) scale bar: 1 mm.

used. However, the nuclease activity of Cas9 PEGylated with
DEC was significantly increased after reduction with GSH. In
contrast, GSH reduction caused minor increases in nuclease
activity in mCherryCas9 samples PEGylated with the DTB or
DCB linkers, presumably due to incomplete amine release (80%
vs. 23% and 19%).

We evaluated the stability of mCherryCas9-DEC-PEG in
plasma, to determine if it had the extracellular stability needed
for in vivo applications. Fig. S111 demonstrates that mCherry-
Cas9-DEC-PEG was stable in plasma and had a ¢, > 20 hours,
but was rapidly reduced in the presence of intracellular levels of
GSH (t,/5 < 4 hours). PEGylated Cas9 has numerous potential
advantages over wild type Cas9, such as lower immunogenicity
and improved diffusion through tissue, which is essential for
genome editing in a clinical setting. We performed experiments
to investigate if Cas9-DEC-PEG could efficiently diffuse
through the striatum after an intracranial injection and

8976 | Chem. Sci, 2020, 11, 8973-8980

compared its tissue distribution with unmodified Cas9. We
selected the brain as a testbed for Cas9-DEC-PEG because the
poor diffusion of Cas9 through brain tissue is a key challenge
that needs to be overcome before the clinical potential of Cas9
can be fully realized.” A fluorescently labeled Cas9
(Alexa,ggCas9) and Alexa,g3Cas9-DEC-PEG5k were injected and
infused bilaterally into the left and right striatum of mice at
a concentration of 1 pg uL~". The distribution of the injected
Alexa,ggCas9 or Alexa,gsCas9-DEC-PEG5k was then determined
based on fluorescent imaging and immunohistological staining
(IHC) for Cas9 (Fig. 3d and S13%). Fig. 3d indicates that
Alexa,g3Cas9-DEC-PEG5k diffused through the striatum
significantly better than its unmodified counterpart (Alexa,gs-
Cas9), and had a volume of distribution (V) that was 3.7-fold
higher than native Alexa,ggCas9 (Table S27). Collectively these
results demonstrate that the DEC linker can reversibly modify

This journal is © The Royal Society of Chemistry 2020
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the lysine residues of proteins (Cas9) and has the stability in
biological fluids needed for in vivo applications.

Next, we investigated if cell penetrating peptides (CPPs)
could be conjugated to Cas9 using a DEC linker. CPPs have
great potential for enhancing the delivery of Cas9 into cells, and
have been extensively explored for Cas9 delivery.***> However,
linkers that can reversibly conjugate CPPs to Cas9 have not been
studied. CPP-DEC was synthesized, which is composed of
a fluorescent cell penetrating peptide FITC-Arg;,Lys; connected
to the DEC linker, and was then conjugated to Cas9 (Fig. 4a, S14
and S157).** Cas9/CPP-DEC conjugation reactions were per-
formed at various molar ratios, ranging from a 10 to 500-fold
molar excess of CPP-DEC to Cas9 (Fig. 4b).

An in vitro cleavage assay was performed to test the activity of
Cas9-CPP with or without GSH (Fig. 4c and S167). Fig. 4c shows
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that Cas9 conjugated with CPP-DEC can regain its nuclease
activity after reduction with GSH in a ratio-dependent manner.
For example, the nuclease activity of Cas9 was significantly
reduced after conjugation with a 50-250 fold excess of CPP-
DEC, but was recovered after GSH reduction. However, bio-
conjugation reactions done at a 500 molar excess of CPP-DEC
resulted in only partial activation of the Cas9 RNP under the
same conditions, presumably due to denaturation of the
protein, incomplete reduction of DEC, or electrostatistic inter-
actions between the conjugated CPPs and the gRNA. Cas9-CPP
conjugates made at a 100/1 molar ratio were selected for further
investigation. This preparation was analyzed by the BCA assay
and fluorescence spectroscopy, and had an average of 40 CPPs
per Cas9 protein. The Cas9-CPP conjugate was analyzed by gel
electrophoresis to verify that the CPPs could be cleaved from the
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GSH (0, 1, 5, 10, 20, 30 minutes), the fluorescent bands show the time
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Cas9 protein after reduction. Fig. S157 demonstrates that CPP-
DEC was covalently conjugated to Cas9 or mCherryCas9 and
was also released in the presence of cellular concentrations of
GSH (10 mM). The release kinetics of the CPPs from Cas9-CPP
was determined using gel electrophoresis. Cas9-CPP was mixed
with GSH (10 mM) for different durations and release of the
CPPs was determined by quantification of the FITC fluorescence
on the Cas9-CPP. Fig. 4d demonstrates that the CPPs are
released rapidly from Cas9 under intracellular GSH concentra-
tions, with a release half-life of 5 minutes.

The ability of Cas9-CPP to edit cells was investigated. Cas9-
CPP (33 ug mL ") containing a gRNA that cleaves the eGFP gene
was incubated with HEK293T eGFP cells. After 72 hours, the
genomic DNA was extracted and the eGFP gene was amplified by
PCR, and analyzed by Sanger sequencing (Fig. 5a). The
HEK293T eGFP cells were also analyzed by flow cytometry
(Fig. S171). As a control, Cas9 RNP was transfected with lip-
ofectamine 2000.** Fig. 5a shows that Cas9-CPP delivered
functional Cas9 RNP into cells and edited 5.1% of the eGFP
gene in HEK cells, which was comparable to lipofectamine
delivered Cas9 RNP (4.1%), as determined by TIDE analysis.
Cas9 RNP by itself had nearly no editing activity in cells without
transfection reagents.

Further experiments were performed to study if CPP-DEC
could enhance the internalization of Cas9 into cells. mCherry-
Cas9 was conjugated with CPP-DEC with a 100 molar excess
ratio. mCherryCas9-CPP was incubated with HeLa cells and the
internalization was analyzed by flow cytometry and fluorescent
microscopy (Fig. 5b and S18%). As a control, cellular internali-
zation of unmodified mCherryCas9 was investigated. Our
results demonstrate that mCherryCas9-CPP was internalized
more efficiently than wild-type mCherryCas9 (7 folds higher in
HelLa cells). To further determine the tropism of mCherryCas9-
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CPP, the uptake of mCherryCas9 vs. mCherryCas9-CPP was
determined in human cardiomyocytes derived from induced
pluripotent stem cells. Fig. S191 demonstrates that mCherry-
Cas9-CPP was also robustly internalized by human car-
diomyocytes, suggesting that protein conjugation with CPP-
DEC is a broadly applicable strategy for enhancing the inter-
nalization of proteins into cells.

Finally, we investigated if DEC can enhance the efficiency of
homology-directed repair (HDR) by reversibly conjugating Cas9
RNP to template donor DNA. Generating HDR in cells with Cas9
reagents is a central challenge in genome editing, and is
currently one of the key bottlenecks preventing the translation
of Cas9 based therapeutics.*® A crucial challenge in promoting
efficient HDR is to deliver sufficient quantities of the Cas9 RNP
and donor DNA into cells. Recently, chemically tethered Cas9
RNP-donor DNA has been demonstrated to result in significant
increases in HDR, due to the simultaneous localization of Cas9
RNP and donor DNA within the same region of the genome.**%”
However, current methods for tethering the Cas9 RNP to donor
DNA require making Cas9 fusion proteins, which have been
challenging to express and purify.?”?*

We therefore investigated if DEC could be used to directly
conjugate donor DNA to the Cas9 RNP, in a mix-and-go manner,
to generate a reagent that did not require extensive manipula-
tion, and could be easily adopted by the biomedical community.
Our synthetic strategy for making Cas9-RNP donor DNA
conjugates is shown in Fig. 6a. Cas9 RNP-DEC-azide was first
prepared by conjugating Cas9 RNP with DEC-PEG-azide
(Fig. S20 and S217), the resulting conjugate was then reacted
with DBCO-DNA (donor DNA with a DBCO tag at 5') through the
strain-promoted click reaction (Fig. S22 and S237), and directly
added to cells.
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Fig. 5 CPP-DEC can deliver Cas9 into cells without the addition of transfection reagents. (a) HEK 293T eGFP cells were treated with Cas9—-CPP
RNP and Cas9 RNP + lipofectamine 2000, or Cas9 RNP by itself. The gRNA was designed to cleave the GFP gene. The cells were isolated and
analyzed by sanger sequencing for gene editing (NHEJ). Cas9—-CPP edited 5.1% of the cells, which was comparable to lipofectamine treated cells.
Gene editing efficiency was quantified by tide analysis. Graph represents mean =+ s.d. (n = 3). Statistical analysis was determined using one way

anova with post-hoc test (***: p < 0.001; ns: nonsignificant). (b) Flow-

cytometry analysis of hela cells treated with mCherryCas9 and mCher-

ryCas9—CPP. The average fluorescence of cells treated with mCherryCas9—-CPP was 7 times higher than free mCherryCas9.
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efficiency between physically mixed Cas9 RNP/donor DNA and Cas9 RNP—donor DNA conjugate (Cas9 RNP-DEC-DNA) after electroporation.
Cas9 RNP-DEC-DNA had a 50% increase in hdr over cells treated with a physical mixture of Cas9 RNP and donor DNA.

To test if Cas9 RNP-DEC-DNA conjugates could increase the
HDR rate of the Cas9 RNP, a BFP expressing HEK 293T cell line
was used as a reporter system. The BFP gene differs from the
GFP gene by a single amino acid, and BFP expressing cells can
be transformed into GFP expressing cells by Cas9 mediated
cutting of the BFP gene and repair of the double stranded break
via HDR from a donor DNA. BFP HEK cells were transfected by
electroporation with Cas9 RNP-DEC-DNA, using a 127 nucleo-
tide donor DNA that was designed to convert the BFP gene into
the GFP gene. As a control, Cas9 RNP was physically mixed with
donor DNA at the same ratio (Cas9 RNP/DNA) and electro-
porated into cells. The HDR rate was then quantified by deter-
mining the percentage of GFP expressing cells via flow
cytometry. Fig. 6b and Fig. S241 demonstrate that cells treated
with Cas9 RNP-DEC-DNA had a 50% increase in HDR over cells
treated with a physical mixture of Cas9 RNP and donor DNA.

Conclusions

In summary, we have developed a new traceless self-immolative
linker (DEC), which can modify aliphatic amines and rapidly
and quantitatively release them after reduction. We demon-
strate here that DEC was able to reversibly modify the lysine
residues on Cas9 with PEG, which significantly enhanced the
diffusion of Cas9 through brain tissue. In addition, DEC was
able to reversibly modify the Cas9 protein via conjugation of its
lysine residues with the CPP Arg;,. Cas9-CPP was able to
successfully edit cells and has great potential as a self-delivering
Cas9 RNP formulation. Finally, DEC was also able to increase

This journal is © The Royal Society of Chemistry 2020

the HDR rate of the CRISPR system by 50%, by reversibly teth-
ering donor DNA to Cas9 RNP in traceless manner. The DEC
linker is a versatile reagent that can be used for multiple
applications in protein and small molecule drug delivery.
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