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ABSTRACT: The use of proteins as intracellular probes and
therapeutic tools is often limited by poor intracellular delivery. One e )
approach to enabling intracellular protein delivery is to transform *\;r‘ca ————— Limited cell

proteins into spherical nucleic acid (proSNA) nanoconstructs, with uptake
surfaces chemically modified with a dense shell of radially oriented Unmodified protein

DNA that can engage with cell-surface receptors that facilitate %%2% %%g
endocytosis. However, proteins often have a limited number of

available reactive surface residues for DNA conjugation such that the s

extent of DNA loading and cellular uptake is restricted. Indeed, DNA ;‘é‘,r‘ S —

surface density and sequence have been correlated with scavenger- 7‘-‘-‘553' ) £ h ol onll
receptor engagement, the first step of cellular internalization. Here, we Prot;wAtadignzcll'::th a n ::t‘;eke a

report how branched DNA dendrons with dibenzocyclooctyne groups

and proteins genetically engineered to include the noncanonical

amino acid azido-phenylalanine for click chemistry can be used to synthesize hybrid DNA dendron-protein architectures that exhibit
outstanding cellular internalization properties, without the need for extensive surface modification. In a head-to-head comparison,
protein—DNA dendron structures (where DNA is concentrated in a local area) are taken up by cells more rapidly and to a greater
extent than proSNAs (where the DNA is evenly distributed). Also, protein-G-rich dendron structures show enhanced uptake
compared to protein-T-rich dendron structures, highlighting the importance of oligonucleotide sequence on nanoconjugate uptake.
Finally, a generalizable method for chemically tagging proteins with dendrons that does not require mutagenesis is described. When
a range of proteins, spanning 42 to 464 kDa, were modified through surface lysines with this method, a significant increase in their
cellular uptake (up to 17-fold) compared to proteins that are not coupled to a DNA dendron was observed.

B INTRODUCTION receptors, which facilitates their cellular uptake.”*~** However,
functionalizing the entire outer surface of a protein with
oligonucleotides can compromise its function and, conse-
quently, therapeutic or diagnostic use. Moreover, certain
proteins lack the requisite number of surface functional groups
to allow the generation of structures with a dense enough DNA
shell to realize SNA-like properties (e.g., cellular uptake and
resistance to degradation).'”*~%’

DNA dendrons, molecular nanostructures consisting of a
DNA stem and a controlled number of DNA branches, can
potentially overcome this limitation. Such dendrons exhibit

Proteins possess several properties that make them desirable as
intracellular therapeutics, including their biocompatibility, role
in many cellular functions, and high target specificity. Indeed,
they are promising materials for protein replacement
therapies.'™* Despite this potential, current protein therapeu-
tics can only access membrane-bound or extracellular targets,
leaving intracellular targets relatively underexplored.’™* Due to
their large sizes and hydrophilic surfaces, compared to small
molecule drugs, proteins do not typically penetrate cell
membranes. To overcome this issue, positively charged cell-
penetrating peptides have been attached to proteins to

- L . . . ACS
facilitate their interaction with cell membranes and thus Received: November 15, 2024 -
enhance their uptake in vitro.”~'* Alternatively, certain Revised:  December 10, 2024
proteins can be transformed into spherical nucleic acids Accepted: December 13, 2024

(proSNAs) by modifying their periphery and surface accessible Published: December 30, 2024

lysine residues with a dense layer of DNA."~'? The resulting
oligonucleotide shell is recognized by class-A scavenger
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Figure 1. Overview of mNeonGreen (mNG)-DNA construct synthesis and characterization. (A) Synthetic scheme for the mNG proSNA and (B)
corresponding MALDI characterization to confirm the synthesis and determine the DNA loading. (C) Six-branched DNA dendron (6BD) is
chemically attached to mNG through incorporation of the noncanonical amino acid 4-azido-L-phenylalanine (azF) and (D) corresponding MALDI
characterization of the synthesized mNG-6BD construct. (Figures not drawn to scale.).

rapid and enhanced cellular uptake compared to linear DNA,
due to their ability to mimic the portion of an SNA that
engages with cell surface scavenger receptors.”””’ This was a
significant development as we discovered that a single cluster
of DNA is sufficient to achieve SNA-like uptake properties.
Furthermore, dendrons can be easily modified to include
chemical handles for conjugation to other biological materials
and impart SNA-like properties to nanomaterials where
conjugating a dense oligonucleotide shell is not always
straightforward. We hypothesized that conjugating a DNA
dendron onto a protein at even a single attachment point could
be a generalizable strategy to enable protein cellular uptake.
This novel chemical approach to protein delivery should
accelerate the study and application of protein-based
constructs for a wide range of intracellular diagnostic and
therapeutic applications.

B RESULTS AND DISCUSSION

Design and Synthesis of Protein—DNA Constructs. To
assess how increasing the local DNA density on a protein
surface affects cellular uptake, we chemically modified a
fluorescent model protein, mNeonGreen (mNG), with an
identical number of DNA strands, either in a radial (proSNA-
like) or localized manner (a single DNA dendron). We
prioritized using protein mutagenesis for this experiment to
ensure precision in number and position of attachment for
DNA between both constructs. We chose mNG protein
because it can be readily expressed in Escherichia coli (E. coli)
and can tolerate mutagenesis without loss of fluorescent
propertles ? First, we designed different mutants of mNG for
the synthesis of mNG proSNA and mNG-dendron (mNG-
6BD) to achieve precise DNA loading. The mutant for the
proSNA was designed to have a total of six surface accessible
amines: five through surface accessible lysine residues (K43,
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142, 165, 179, and 200) and one through the N-terminus. The
mutant for dendron conjugation was designed to incorporate a
single 4-azido-L-phenylalanine (azF) at the C-terminus of the
protein (Figure 1A).”' The mutants were then recombinantly
expressed in E. coli and purified by Ni-Affinity chromatog-
raphy.>> After purification, we obtained the excitation and
emission spectra for equal concentrations of the mutants. The
data show that the maximum fluorescence of each mutant was
nearly identical, allowing for direct comparison of each mutant
(Figure S2).

To maintain consistent overall DNA loading density
between the mNG proSNA and mNG-6BD, we designed the
DNA dendron to have the same number of branches as the
maximum number of DNA strands that could be attached to
the proSNA. In addition, we matched the length of the DNA
shell on the proSNA to the branch length of the DNA dendron
(see Table S1 for a list of the oligonucleotides sequences used
in this study). As an initial proof-of-concept, we used Cyanine
5 (CyS) labeled poly-T DNA for this design and synthesized
mNG proSNA by modifying the surface accessible primary
amines with DNA following established protocols.'® Briefly,
the mNG protein was reacted with azido-polyethylene glycol
(PEG),,-N-hydroxysuccinimide ester cross-linker (azido-PEG,
NHS ester) to yield azido-mNG. Then, dibenzocyclooctyne
(DBCO)-terminated DNA was reacted with azido-mNG via
strain-promoted azide alkyne cycloaddition to yield the mNG
proSNA (Figure 1A).>> We confirmed the success of this
reaction via sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (Figure S6) and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI) (Figure 1B), which revealed the successful synthesis
of mNG proSNAs, with a distribution of proteins with either
five or six DNA strands attached. Due to the difficulty in
separating the proSNAs with five or six DNA strands, the
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Figure 2. Cellular uptake is enhanced for DNA dendron-protein structures due to localized DNA coverage. The uptake of the mNG constructs (A)
was monitored by tracking the mNG and Cy5 (DNA) signals on flow cytometry. The percentage of cells taking up protein (B), protein + DNA
(C), and the protein mean fluorescence intensity (MFI) (D) were monitored after treatment of bone marrow-derived dendritic cells (BMDCs) for
2, 4, and 6 h. (E) Representative images for mNG and mNG-6BD uptake after treating HeLa cells with mNG or mNG-6BD for 1 h. Images
showing nuclear staining (DAPI), protein (mNG), DNA (Cy5), and merged image from left panel to right, respectively. (F) Quantitative
comparison of mNG cellular uptake with confocal microscopy for mNG-6BD and mNG using Image] analysis. All data plotted as mean + standard
deviation. Statistics performed in GraphPad Prism using two-way ANOVA for (B—D) and unpaired ¢ test for (F) with *P < 0.05, ****P < 0.0001.
Significances in purple for (B—D) indicate significant differences of mNG-6BD treatment compared to all other treatments. Significances in blue for
(B—D) indicate significant differences in mNG proSNA treatment compared to the mNG + 6BD mix and mNG treatments. Not all significances

are shown for visual clarity.

mixture was utilized in subsequent experiments. We chose a
six-branched dendron (6BD) because of its highly efficient
uptake into cells."® The mNG-6BD construct was synthesized
in a single step by reacting the azF on mNG with a DBCO-
terminated six-branched dendron via strain promoted azide
alkyne cycloaddition (Figure 1C).>* The success of the
reaction was verified with SDS-PAGE (Figure S6) and
MALDI (Figure 1D), which revealed a product consistent
with the predicted molecular weight. To compare the stability
of the proSNA and mNG-6BD structures, an equal
concentration of mMNG-6BD and mNG proSNA was incubated
with 10% fetal bovine serum (FBS) for 1 h or overnight at 37
°C to mimic physiological conditions. Both mNG-6BD and
mNG proSNA showed minimal degradation by nucleases
(Figure S8), suggesting that both local and radial DNA
coverage can provide resistance to nuclease {:legraclation.?'4
Increasing Local DNA Density Enhances Cellular
Uptake. Next, we studied how DNA shell design impacts
cellular uptake properties. We hypothesized that mNG
modified with a single dendron as compared to a proSNA
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with a similar amount of DNA would exhibit enhanced cellular
uptake properties due to the increased local DNA density and
its ability to more effectively interact with cell surface
scavenger receptors. To test this hypothesis, we treated bone
marrow-derived dendritic cells (BMDCs), which are surface-
rich in scavenger receptors, with 20 nM mNG, a mixture of
mNG and 6BD, mNG proSNA, or mNG-6BD (Figure 2A) and
assessed uptake of mNG protein and Cy5 DNA at different
time points by flow cytometry. In these experiments, the
percentage of uptake represents the percentage of cells that
were positive for uptake of protein, DNA, or both compared to
the untreated control. A comparison of the mean fluorescence
intensities is indicative of the relative uptake per cell,
representing the total amount of protein or DNA that has
entered cells at a given time.

The data indicate that after 2 h, 80% of the BMDCs had
taken up protein when treated with mNG-6BD, compared to
just 40% for the mNG proSNA and approximately 10% for
mNG treated groups (Figure 2B). This trend was consistent
across two additional cell lines, HeLa and JAWSII (Figures S14
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and 15) with nearly 100% of the JAWSII cells and >90% of the
HeLa cells showing uptake of protein and DNA after 30 min
and 2 h of treatment with mNG-6BD, respectively. In contrast,
the uptake following treatment with mNG proSNAs remained
<50% in both HeLa and JAWSII cell lines at these time points.
For each cell line, we observed that the percentage of cells
taking up proSNAs steadily increased over time but never
reached the same maximum percentage as the mNG-6BD.
Furthermore, we demonstrated that the percentage of cells
positive for both protein (mNG) and DNA (CyS) signals was
significantly higher in the mNG-6BD treatment group
compared to the mNG proSNA and mNG groups at each
time point. Notably, at 2 h, this percentage was 65% for mNG-
6BD, compared to only 25% for the proSNA (Figure 2C).
These data indicate that cells were efficiently internalizing both
the protein and DNA in the mNG-6BD treatment groups.

In addition, the mean fluorescence intensity (MFI) from the
internalized mNG signal in the BMDC population (Figure 2D)
showed that the total amount of protein increased over time
for all treatment groups, but the highest rate of increase was
observed for mNG-6BD. After 6 h, mNG-6BD showed a 3.5
and 17-fold increase in mNG MFI compared to the mNG
proSNA and mNG, respectively. In contrast, the proSNA
demonstrated a 4.8-fold increase in MFI compared to mNG.
After 6 h treatment in HeLa cells, these enhancements were
2.2 and 6.0-fold compared to the mNG proSNA and mNG,
respectively (Figure S15). These results suggest that nearly all
cells rapidly take up mNG-6BD and continue to internalize a
significant amount of the structure over time. Importantly,
mNG-6BD showed no apparent toxicity and had no significant
impact on cell viability in BMDCs (Figure S16). Collectively,
these results demonstrate that increasing the local DNA
density on a protein surface via a single DNA dendron
significantly enhances cellular uptake compared to a protein
radially functionalized with the same amount of DNA. This
finding was consistent across a broad range of cell types where
the use of a DNA dendron resulted in an increase in the
percentage of cells taking up the conjugate, a higher amount of
protein uptake per cell, and enhanced rate of uptake.

To further investigate the uptake of these constructs, we
used confocal microscopy to monitor protein and DNA uptake
into cells and flow cytometry to examine the mechanism of
uptake. We treated HeLa cells with 20 nM of either mNG-6BD
or mNG for 1 h and stained them with DAPI to visualize the
nuclei. After fixing the cells, we monitored uptake by tracking
protein (mNG) and DNA (Cyanine 5) fluorescence.
Representative images showed a significantly brighter
fluorescence signal for both protein and DNA after treatment
with mNG-6BD compared to mNG, indicating efficient uptake
of this construct (Figure 2E). Moreover, the mNG and Cy$
DNA signals were largely colocalized, as indicated by the high
degree of overlap and higher Mander’s colocalization
coefficient for mNG-6BD (0.823). To quantify these differ-
ences in cellular uptake, the internal fluorescence was
measured by calculating the mNG fluorescence intensity inside
individual cells upon mNG or mNG-6BD treatment. The data
revealed a significantly higher mNG signal for the mNG-6BD
treatment group at this time point (Figure 2F). Furthermore,
the corrected mean fluorescence of the cells treated with
mNG-6BD was significantly higher than that of the mNG
treatment group (Figure S19).

Next, to understand the mechanism of internalization of the
mNG-6BD construct, we pretreated BMDCs with fucoidan, a
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scavenger receptor inhibitor, and monitored uptake aftera 2 h
treatment with either mNG or mNG-6BD.**?%7%7 we
hypothesized that the protein-dendron conjugates engage in
a similar uptake pathway as dendrons and proSNAs and that
inhibiting scavenger-receptor-mediated endocytosis would
decrease cellular uptake. Indeed, the data indicate a 60%
decrease in the mNG MEFI for cells pretreated with fucoidan;
this result aligns with the conclusion that these structures
undergo scavenger-receptor-mediated endocytosis, which is
consistent with what is known about proSNAs (Figure $20)."
In this experiment, the uptake of mNG-6BD was not
completely inhibited, suggesting that this structure likely
engages in multiple cellular entry pathways, although
scavenger-receptor-A mediated endocytosis is a predominant
one.

G-Rich Dendrons Further Enhance Protein Cellular
Uptake. To determine whether changes in the structure and
sequence of the DNA dendrons influence uptake, we used
dendrons with branches composed of G-rich DNA or T-rich
DNA. The G-quadruplex structures formed by G-rich DNA
have been found to increase cellular uptake due to the natural
affinity of the dense G-quadruplexes for the scavenger
receptors on cell surfaces. Such G-quadruplex structures are
known to form from a tetrad of intramolecular hydrogen
bonding interactions between guanine bases around a central
metal ion, such as potassium.””~** For this experiment, we
synthesized a dendron with a poly-T stem and six branches
with the (GGT), sequence (Table S1). To confirm whether
this G-rich dendron could adopt a G-quadruplex secondary
structure, we performed circular dichroism spectroscopy in
phosphate buffered saline solution (PBS), which is a source of
potassium ions necessary for G-quadruplex formation. The T-
rich dendrons served as a control in these experiments. In the
resulting spectra, the G-rich dendrons exhibited a prominent
peak between 250 and 300 nm, consistent with G-quadruplex
formation; this peak was absent in the spectrum of the T-rich
dendron (Figure $21).*~* Then, mNG was conjugated to
CyS5-labeled six-branched dendrons containing either a poly T
sequence (6BD T12) or (GGT), (6BD (GGT),) as the
branch sequence. The T12 branches were chosen such that
their length matched that of the branches of the G-rich
dendron (for comparing cellular uptake). Then, HeLa cells
were treated with 40 nM of mNG, mNG-6BD (T12), or
mNG-6BD (GGT),, and the dendron (CyS) and protein
uptake were monitored by flow cytometry after 2 and 4 h
(Figure 3A). These results indicate both dendron branch
sequences significantly increase cellular uptake of the construct
compared to native protein, as evidenced by the percentage of
mNG uptake (Figure $22), mNG MFI (Figure 3B), percent of
cells with both mNG and CyS (Figure S22), and Cy5 MFI
(Figure 3C). However, the G-rich dendron increased the
uptake of both protein and DNA at each time point as
compared to T-rich dendrons. We observed that the total
amount of protein uptake at the 4 h time point increased by
37%, as indicated by the mean fluorescence intensity. In
comparison, the largest differences in percentage of uptake
were most apparent at the 2 h time point because, after 4 h,
nearly all of the cells had internalized both mNG-6BD
structures. Consistent with previous reports of SNA uptake
properties, these findings show that the sequence of the DNA
dendron branches impact uptake'”*”** In the future, the
impact of other parameters such as additional types of DNA
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Figure 3. Investigating the effect of dendron sequence on cellular
uptake. The effect of dendron sequence on cellular uptake was
assessed by treating HeLa cells with mNG or mNG modified with a
G-rich dendron or T-rich dendron (A). The cellular uptake of these
structures was monitored by flow cytometry through the mean
fluorescence intensity (MFI) of mNG (B) and the percentage of cells
taking up both mNG and DNA (C). Data from this experiment were
obtained in triplicate and plotted as mean + standard deviation.
Statistics: two-way ANOVA performed in GraphPad Prism, **P <
0.01, ****p < 0.0001. Not all significances are shown for visual
clarity.

secondary structures, rigidity, or flexibility, can be investigated
for their impact on cellular uptake.

To further investigate the effect of dendron structure on
protein uptake, the effect of the length of dendron branches
was examined. Accordingly, we synthesized poly-T dendrons
with T10, T15, and T20 branch lengths and conjugated them
to the azF-containing mNG protein. Interestingly, a proSNA
with T20 DNA had significantly enhanced protein and DNA
cellular uptake as compared to the proSNAs with T10 and T15
DNA (Figure S23). However, the impact of dendron branch
length on uptake was less apparent (Figure S24). Together,
these data reveal that localizing DNA through a dendron on a
protein surface significantly enhances conjugate cellular uptake
compared to a protein with a less dense radial DNA shell.
While the dendron branch sequence can be modified to
enhance cellular uptake, the length of dendron branches does
not significantly affect uptake for the lengths explored here.

Dendrons as a Generalizable Tag for Protein
Delivery. We examined the effect of the protein core size
on the cellular uptake of protein-dendron conjugates, using
proteins of different sizes to evaluate if dendrons can be
employed as generalizable tags in nanomedicine. First, we
developed a general method for modifying a protein surface
with a single dendron but without the need for site-directed
mutagenesis. As proof-of-concept, we reacted commercially
available bovine serum albumin (BSA) with 10 equiv of azido-
polyethylene glycol (PEG),-N-hydroxysuccinimide ester cross-
linker and purified it via size-exclusion chromatography to
yield azido-BSA. Then, one equivalent of azido-BSA was
reacted with one equivalent of a Cy5-labeled DNA dendron
terminated with DBCO (6BD T15 CyS5 DBCO, Table S1) via
strain-promoted azide alkyne cycloac[dition.g‘3 BSA with a
single dendron modification, BSA-6BD, was obtained as the
predominant reaction product by controlling the stoichiometry
of the dendron to protein in the reaction (Figure $25). The
BSA-6BD construct was then further modified with Alexa-
Fluor488 succinimidyl ester (AF488) for tracking protein
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fluorescence (Figure 4A). The final product, a protein with a
single dendron, was purified using size-exclusion chromatog-
raphy and analyzed via SDS-PAGE (Figure S25). The same
procedure was applied to two additional proteins, ovalbumin
and f-galactosidase (Figures S26 and S27), to verify that this is
a viable method for proteins of sizes ranging from 42—464
kDa.

To assess the cellular uptake, HeLa cells were treated with
40 nM AF488-BSA-6BD and AF488-BSA and uptake of the
protein and DNA were monitored after 2 and 4 h through
AF488 and CyS5 signals, respectively. These results show that
adding a single dendron to BSA significantly increased both the
percentage of cells taking up protein and the total amount of
protein uptake. This is indicated by the increase in percentage
of AF488+ cells and the AF488 MFI (Figure 4B,C). This
experiment was repeated with the corresponding f-galactosi-
dase and ovalbumin-dendron constructs. The data demon-
strate that modification of j-galactosidase with a single DNA
dendron significantly enhances the percentage of cells that
internalized both protein and DNA, indicated by the increase
in cells that contained both AF488 and CyS signals compared
to native protein (Figure 4D). Furthermore, the modification
with a DNA dendron led to a significant increase in the total
amount of protein uptake per cell for AF488-$Gal-6BD, as
demonstrated by the increase in AF488 mean fluorescence
intensity at both time points (Figure 4E). Finally, cell
treatment with an ovalbumin-dendron construct demonstrated
significant cellular uptake of the Cy5 dendron component
(Figure S28). Taken together, this work shows that DNA
dendrons can serve as tags that facilitate protein delivery for a
range of structures, including a small fluorescent protein
(mNG, 25 kDa),” a structural protein (ovalbumin, 42 kDa),**
a transport protein (bovine serum albumin, 66 kDa),” and a
large tetrameric enzyme (f-galactosidase, 464 kDa).’’ This
highlights the generalizability of the approach, making it useful
for nanomedicine researchers interested in cellular delivery for
both therapeutic or diagnostic purposes.

B CONCLUSIONS

In this study, we demonstrated that tagging proteins with DNA
dendrons can enhance cellular internalization. Modifying
proteins with clustered DNA dendrons significantly improves
cellular uptake compared to proteins with a less dense radial
coverage of DNA. Our data indicate that over 90% of cells
internalize proteins tagged with DNA dendrons within 30 min,
achieving up to an 8-fold increase in total protein uptake
relative to proteins with sparser DNA coverage at the same
time point. This finding suggests that clustering oligonucleo-
tides on a protein surface effectively facilitates cellular uptake
and may provide advantages over traditional methods that
uniformly modify the entire protein surface. Such an approach
reduces the risk of chemical denaturation of the protein.
Additionally, the DNA sequences within the dendrons can be
customized to further enhance uptake, with G-rich dendrons
showing higher cellular uptake than T-rich dendrons. This is
attributed to the formation of G-quadruplex structures,
characterized by tetrads of hydrogen bonds between guanine
bases, which are recognized and bound by scavenger receptors
that facilitate 1.1[.‘Jtake.40_44 We have also developed a
straightforward method for creating dendron-protein nanoma-
terials without the need for mutagenesis, achieving up to a 17-
fold increase in cellular uptake across a variety of protein sizes
(ranging from 42 to 464 kDa) and functions. This novel

https://doi.org/10.1021/jacs.4c16205
4. Am. Chem. Soc. 2025, 147, 2129-2136


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c16205/suppl_file/ja4c16205_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16205?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16205?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16205?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16205?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c16205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A BSA Azido-BSA AF488-BSA-6BD
10 equiv. ;< | j |
N’\/+o’\4:U\G’N : 1 equiv. 6BD
Azido-PEG, NHS ester | 1X PBS, ON
1X PBS 100 mM o ° 3 equiv.
NaHCO;, 45 min 2. .Lo'” AlexaFluor488
° NHS ester

1X PBS 100 mM NaHCO;, 90 min

B 1009 skkk | kkxx 8000 kkkk | kkkk
i 1 C !
I
80~ ! 6000 1
3 AF488-BSA ] T :
- = 5 a0 :
Jigt L [~} -
v il : 3 :
4 =R : < I
204 : 2000- |-n| e
I
I
I AF488- 0- : 0 A L[
BSA-6BD 2h 4h 2h 4h
Time (h) Time (h)
dkkkk %k kok
-—-1 1 -—-—1
D 100~ ! EBOOO- *okokk I *kkk
—) i L
+ 80 | I
] AF488-gGal 3‘ H 6000 |
c 1 . I
60~ U-
& % i = 4000 H
$ 40 ' 2 !
L I hd I
e < : < 2000- i
2 204 I H
1 1
AF488- 0 ! 0 i
BG&"GBD 3h 6 h 6 h
Time (h) Time (h)

Figure 4. DNA dendron tags as a generalizable intracellular protein delivery agent. (A) Generalizable strategy for modifying BSA, a model protein,
with a single dendron that does not require mutagenesis. The cellular uptake properties of BSA and f-galactosidase after modification with the
DNA dendron were investigated in HeLa cells. For BSA, the cellular uptake was monitored as a function of percentage of cells taking up protein
(B) and amount of protein uptake (C). For f-galactosidase, uptake was monitored through the percentage of cells containing both AF488 and Cy$
(D) and total amount of protein uptake (E). Data obtained in triplicate and plotted as mean + standard deviation. Statistics: 2-way ANOVA

performed in GraphPad Prism. ****P < 0.0001.

strategy holds great potential for advancing the development
and application of protein-based therapeutics and diagnostic
tools.
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