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Precisely Targeted Gene Delivery in Human Skin Using 
Supramolecular Cationic Glycopolymers 
Anna K. Blakney,a†  Renjie Liu,bc†  Gokhan Yilmaz,d,e Yamin Abdouni,b Paul F. McKay,a Clément R. 
Bouton,a Robin J. Shattocka* and C. Remzi Becerb,e*

Gene delivery has become the focus of clinical treatments, thus motivating delivery strategies that are capable of targeting 
certain cell types in the context of both vaccines and therapeutics. Here, we present a gene delivery platform enabled by 
host-guest interaction between a cyclodextrin with emanating chains of cationic polymers, poly (2-dimethylaminoethyl 
meth-acrylate) (PDMAEMA) paired with a glycosylated adamantane containing copolymer. By decoupling the cationic 
polymer and glycosylation chemistries, we were able to vary each independently to study the transfection efficiency both 
in vitro and ex vivo in human skin explants. Medium length PDMAEMA enabled optimal DNA complexation, and 
glycosylation specifically enhanced the number of cells transfected 100-fold in vitro and 3-fold ex vivo. Furthermore, these 
glycopoly-mers enabled greater immune cell up take, specifically in skin resident leukocytes. This platform is a facile and 
clinically translatable way to study how glycosylation affects cellular uptake and targeting in a complex cellular medium.

Introduction

Gene delivery is finally being realized in clinical products after 
years of academic research, thus motivating next-generation 
delivery platforms for vaccine and therapeutics.1-2 Plasmid 
DNA (pDNA) has been effectively delivered with 
electroporation,3 liposomes,4 polyplexes5-6 and emulsions.7 
However, these delivery vehicles do not intentionally target 
specific cellular subsets, which is known to be advantageous in 
both the context of therapeutics, such as hepatocytes for 
protein replacement,8 and vaccines, i.e dendritic cells.9 As 
intradermal injection is an advantageous route of 
administration for both thera-peutics10 and vaccines,11 we 
sought to develop a platform that would allow for targeted 
cellular uptake and gene delivery in human skin.
In the field of gene delivery, cationic polymers have been well-
researched and proven to be efficient carriers for DNA and 
RNA molecules of various sizes.12-14 Poly(ethylenimine) (PEI)15 
and poly (2-dimethylaminoethyl methacrylate) (PDMAEMA)16 
are the two most widely applied polymers for gene delivery 

purposes. Due to recent advancements in synthetic polymer 
chemistry, it is now possible to produce polymers with 
sophisticated architecture, such as multiblock copolymers and 
star-shaped polymers.17-21 Star-shaped polymers have drawn 
increasing attention due to their unique behavior compared to 
their linear counterparts. Xue et al. reported the usage of star-
shaped polymers as a platform for drug and gene co-delivery 
with better biocompatibility and responsive payload release 
profiles.22 In addition, polymers with side carbohydrate units, 
glycopolymers, have been reported to interact with specific 
lectins due to the multivalent presentation of sugar 
molecules23-25 and to improve the biocompatibility of synthetic 
polymers.26 However, previously glycosylated cationic 
polymers are limited in tailoring of the amount of cationic 
charges pre-sent and degree of glycosylation when co-
localized on a single molecular chain.27-28 Thus, we sought a 
modular system in which we could decouple and individually 
tailor the cationic and glycosylated polymers to study cellular 
targeting of gene delivery complexes.  
Host-guest chemistry through the interaction between 
cyclodextrin (CD) and adamantane (Ad) is a facile way to 
achieve advanced architectures such as single chain folding29 
and  PEGylation of cationic polymers to improve circulation 
half-life.30 Furthermore, CD and Ad have been shown to form 
specific and stable interactions in aqueous solution through 
the interaction between adamantane and the hydrophobic 
cavity of CD.31-33 Thus this interaction has been widely utilized 
to form different functional materials, such as self-healing 
hydrogels34-35 and drug carriers.36-37 Due to the easily 
modifiable nature and biocompatibility of CD and Ad, we 
chose this host-guest pair as a platform to develop a 
glycosylated cationic polymer for gene delivery.
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Here, we present a gene delivery platform enabled by host-
guest interaction of a star-shaped cationic PDMAEMA 

 

Figure 1. Polymerization scheme of the glycopolymer (A, top) and P(DMAEMA) complexation groups on the adamantane (A, 
bottom), schematic presentation of the complexation strategy (B), SEC traces of the obtained glycopolymers (C), the list of 
glycopolymers used in this study (D), 19F NMR of the polymer to form a glycopolymer (P1) via para-fluoro-thiol click reaction (E), 
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2D NOESY NMR to demonstrate the complexation between CD and adamantane containing glycopolymer (P1) (F), DLS 
measurement demonstrated the complexation and size difference before and after complexation (G).

emanating from CD and an adamantane containing 
glycopolymer. We designed and synthesized a library of 
polymers with various molecular weights of PDMAEMA and 
degree of glycosylation. We then characterized the polymers, 
and the polyplexes formed when loaded with DNA for size, 
charge and transfection efficiency in vitro. After identifying the 
optimal PDMAEMA molecular weight for DNA loading, we 
tested the polyplexes ex vivo in human skin explants to 
characterize the transfection efficiency. Finally, we identify the 
phenotypes of transfected cells and determine the specifically 
targeting among all cell populations.

Results and Discussion
Glycopolymer synthesis and characterization
Adamantane containing terpolymers with a various number of 
carbohydrates and CD-initiated cationic PDMAEMA were 
designed and synthesized, as shown in Figure 1A and 1B. 
Through the host-guest chemistry between adamantane and 
CD, the obtained nanostructured complexes allow for further 
electrostatic interactions with negatively charged DNA 
molecules to obtain a useful platform for DNA delivery. Glycan 
moieties on the complexes are suitable for cellular targeting by 
engaging with lectins on the cell surface, as previously 
reported.24, 38-41

PTFSGlc-r-PAdaA-r-PDMA was firstly synthesized using 
nitroxide mediated polymerization (NMP) and followed by a 
para-fluorine substitution reaction with 1-thio-β-D-glucose 
(Figure 1A). NMP was chosen here to avoid left-over 
containments such as metal species or sulfur-containing 
compound, which could complicate further biological 
experiments. Besides, it is applicable to different types of 
monomers to polymerize with a good control.42 Copolymers 
with different monomer ratios were synthesized to elucidate 
the influence of carbohydrate density on cellular targeting and 
uptake. In the meantime, seven arm star-shaped PDMAEMA 
was prepared using CD initiator in DMSO at room temperature 
by Single Electron Transfer-Living Radical Polymerization (SET-
LRP) (Figure 1A). The star-shaped PDMAEMA was further 
reacted with methyl iodide (CH3I) to introduce cationic charges 
on the polymers. Cationic PDMAEMA with different chain 
lengths was prepared in order to optimize the loading 
efficiency of DNA. Figure 1C shows the GPC traces of the 
copolymers and negative controls (PTFSGlc for NC1 and PDMA 
for NC2). Figure 1D shows the molecular weight and 
polydispersity of the obtained polymers. All the copolymers 
have relatively similar hydrodynamic volume and narrow 
polydispersity values without significant tailing or coupling 
peaks. As seen in Figure S4, the 1H NMR of t0 and tfinal reaction 
mixture were used here to calculate each monomer 
conversion and their relative ratios in the final copolymers. 
This method was chosen here due to the small amount of PFS 
and adamantane acrylate in the final co-polymers which make 

it impossible to directly calculate their relative ratio in the final 
copolymers (data not shown here). As depicted in Figure S5, 
the GPC traces of PDMAEMAs also indicated that PDMAEMA 
with 48, 68 and 80 repeating units on each arm possess an 
increased hydrodynamic volume with longer chain length. 19F 
NMR was also measured here to characterize the efficiency of 
para-fluorine substitution reactions (Figure 1E and Figure S6). 
The spectrum shows the complete disappearance of para-
fluorine which proves the full substitution of para-fluorine on 
PFS. In summary, tri-copolymers with different monomer 
ratios and PDMAEMAs with different chain length were 
successfully synthesized with precise control over polymer 
properties.
Glycopolymer/DNA particle characterization
After the preparation of copolymers and star-shaped 
polymers, the physical interaction between adamantane 
protons and β-cyclodextrin cavity was confirmed using 2D 
NOESY NMR (Figure 1F) to observe the formation of complexes 
in the aqueous phase. The interaction peaks from adamantane 
protons (1.6-2.3 ppm) and the inner protons from CD cavity 
(3.6-3.9 ppm) showed the direct interaction of protons on the 
host-guest molecules (Figure 1F). Dynamic light scattering 
(DLS) was also employed here to characterize the size 
evolution during the complex formation (Figure 1G and Figure 
S7). Results showed a single population of smaller particles 
before mixing and an increase of complex size after the 
complex formation. Both of these confirmed the specific and 
successful interaction between adamantane containing 
glycopolymers and cationic star-shaped polymers which leads 
to the formation of carbohydrate decorated cationic 
complexes with various sizes (Figure S7). Zeta-potential was 
also measured after the complex formation with DNA (Figure 
2B). All the complexes remained cationic charged after mixing 
which shows the host-guest interaction does not interfere with 
the cationic charges on the polymer brushes which allow 
further condensation with anionic DNA molecules. 
Interestingly, decreases of complex sizes were observed after 
mixing with DNA (Figure 2A), which we hypothesize was 
caused by the neutralization of charges by DNA molecules and 
lowering of the repulsion between polymer brushes.
Glycopolymers enhance transfection efficiency in vitro
In order to investigate the effects of PDMAEMA length and 
glycosylation on transfection efficiency in vitro, we first 
prepared complexes with DNA and CD-PDMAEMA polymers 
with varying DMAEMA length and varying ratios of PDMAEMA 
to DNA (Figure 2C). We observed that increasing the DMAEMA 
length profoundly impacted the transfection efficiency; 
increasing the DMAEMA length from 336 repeat units to 480 
units increased the transfection efficiency by ~3 orders of 
magnitude. We postulate that this phenomenon is due to 
steric hindrance between the cyclodextrin and PDMAEMA 
brushes that may exclude the pDNA. The two longer 
PDMAEMA brushes had equivalent transfection efficiency, 
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~106 RLU even at the lowest ratio of polymer to DNA tested 
(10:1, w/w (N/P=6-7)), and there was no added benefit to 
increasing the ratio. The CD-PDMAEMA-336 complexed 
exhibited a trend of increasing transfection efficiency with 
increasing ratio of polymer to DNA, however; at the highest 

ratio of 500:1 (w/w) (N/P=2988-3215) it was still ~2 orders of 
magnitude lower than the 

Figure 2. In vitro particle characterization and transfection efficiency of Luciferase-encoding pDNA complexed with PDMAEMA-
CD-Ad-Glu polymers. A) Hydrodynamic diameter and B) zeta potential of PTFSGlc-c-PAdaA-c-PDMA, PDMAEMA and pDNA 
complex at a ratio of 10:1 polymer to pDNA (w/w) (N/P=6-7) using DLS. Bars represent mean ± standard deviation for n=3. C-E) 
Transfection efficiency of CD-PMAEMA polymers complexed with DNA in HEK 293T.17 cells with C) (no Ad-Glu) at varying ratios 
from 10:1 to 500:1, D) CD-PDMAEMA-480 and E) CD-PDMAEMA-558 complexed with P1-4 at a ratio of 10:1 polymer to pDNA 
(w/w) (N/P=6-7). Bars represent mean ± standard deviation for n=3. RLU= relative light units. pDNA has 7047 base pairs.

CD-PDMAEMA-480 and CD-PDMAEMA-558 and thus this 
polymer was excluded from future studies. These results 
reflect previous reports that increasing PDMAEMA length can 
enhance the transfection efficiency in vitro.43-44 Other than 
this, due to the significant differences in three monomer 
structures, control over monomer ratio could also lead to a 
morphological change of the final copolymers as reported 
before, which could influence the final DNA complexation 
process.45,46 All of these could contribute the increase of DNA 
loading capacity with increased polymer chain length. We then 
sought to characterize how the host-guest inter-action 
between cyclodextrin and adamantane affected the 
transfection efficiency of CD-PDMAEMA polymers (Figure 2D-
E). We utilized CD-PDMAEMA-480 and CD-PDMAEMA-558 
complexed with the glycosylated adamantane polymers (P1-
P4), as well as two negative controls (NC1-NC2). Complexation 

with the negative controls (PTFSGLOH and PDMA) decreased 
transfection efficiency for both CD-PDMAEMA-480 and CD-
PDMAEMA-558. However, complexing CD-PDMAEMA-480 with 
P2, P3 and P4 slightly enhanced transfection efficiency (Figure 
2D). Interestingly, we did not observe this effect for CD-
PDMAEMA-558 (Figure 2E), which had similar transfection 
levels when complexed with P1-P4. We hypothesize that this is 
due to steric hindrance in the particles, wherein there may be 
an optimal PDMAEMA length that facilitates complexation 
with DNA but does not mask availability of glycan groups. 
Overall, we observed that increasing the PDMAEMA length 
increased transfection efficiency of CD-PDMAEMA/pDNA 
complexes, and that the complexation of glycosylated 
adamantane with medium length CD-PDMAEMA yielded 
glycan-specific enhanced transfection. Besides, these 
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polyplexes represented greater than 80% viability through 
human skin cells (Figure S9). 
Glycosylation enhances cellular uptake in human skin 
explants
Given the promising transfection results, we sought to test the 
glycopolymers in a more clinically translational human skin 
explant model. Human skin explants have previously been 

shown as a viable way to evaluate nucleic acid formulations, 
and contain many cell types with lectin binding domains.47-48 
Complexes of CD-PDMAEMA-480 alone or paired with P1-4 or 
NC1-2 were compared to eGFP-encoding DNA alone and PEI as 

Figure 3. GFP expression in human skin cells after intradermal injection with DMAEMA-CD-Ad-Glu/pDNA polyplexes at a ratio of 
10:1 polymer to pDNA (w/w) (N/P=6-7) as determined by flow cytometry. A) Percentage of GFP+ cells of total live cells for each 
sample, B) percentage of GFP+ leukocytes and C) NK cells. Bar represents average ± standard deviation, * represents significance 
compared to DNA alone, with α<0.05. D) Identity of cells present in human skin explants and E) GFP+ cells after ID injection of 
DMAEMA-CD-Ad-Glu/pDNA polyplexes as determined by flow cytometry. Cells were identified using the following antibodies: 
epithelial cells (CD45-), fibroblasts (CD90+), NK cells (CD56+), leukocytes (CD45+), Langerhans cells (CD1a+), monocytes (CD14+), 
dendritic cells (CD11c+), T cells (CD3+) and B cells (CD19+). The used pDNA has 7047 base pairs.

a positive control (Figure 3A and S8). DNA alone resulted in 
only ~1% of cells expressing eGFP, and there was no increase 
when complexed to PEI or CD-DMAEMA alone. However, when 
paired with the adamantane polymers, P1-P4, there was a 3-
fold increase in eGFP-expressing cells, although only 
glycosylated P2 and P3 were found to be statistically 
significant (p= 0.047 and 0.033, respectively). While there was 
no enhancement with NC2, there was slight increase in the 

percentage of eGFP expressing cells with NC1, which we 
hypothesize may be due to non-specific interaction between 
NC1 and the CD-DMAEMA; however, it was not statistically 
significantly different than DNA alone. Thus, glycosylation of 
CD-PDMAEMA polymers increases the percentage of eGFP+ 
cells compared to DNA, PEI and CD-PDMAEMA alone. We then 
sought to determine whether the increased transfection 
efficiency was due simply to the quantity of cells expressing 
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eGFP, or whether there was more expression of eGFP on a per 
cell basis. This is observed by using a histogram plot of number 
of cells versus GFP intensity (Figure S8), wherein an in-crease 
in cells is shown on the y-axis and a shift in the GFP 
fluorescence on the x-axis indicates higher GFP expression per 
cell. The representative peaks for each group show that the 
increased protein expression is due to a higher number of cells 
expressing eGFP, as there is no shift in the median 
fluorescence intensity (MFI) for any of the samples. We 
postulate that this is because once the DNA reaches the 
nucleus, the eGFP translation is maximized. Thus, it is 
beneficial to use delivery vehicles such as these glycosylated 
CD-PDMAEMA polymers that are capable of targeting an 
increased number of cells in human skin explants for maximal 
transfection efficiency.
Phenotypic identity of cells expressing glycopolymer-
delivered DNA in human skin explants
After observing that these glycopolymers enhanced the 
number of cells expressing eGFP in human skin explants, we 
then characterized which cells were expressing eGFP in order 
to determine if these polymers were targeting specific cell 
subsets (Figure 3D-E). We utilized a flow cytometry panel 
capable of identifying epithelial cells (CD45-), fibroblasts 
(CD90+), NK cells (CD56+), leukocytes (CD45+), Langerhans 
cells (CD1a+), monocytes (CD14+) dendritic cells (CD11c+), T 
cells (CD3+) and B cells (CD19+). We observed that the 
majority of the cells present in human skin explants were 
epithelial cells, fibroblasts and dendritic cells. While the DNA, 
PEI and CD-DMAEMA formulations were taken up primarily by 
epithelial cells (~30%), fibroblasts (~9%), and DCs (~15%), they 
were observed in all the evaluated cell types evaluated, 
including leukocytes (~11%), Langerhans cells (~9%), 
monocytes (~8%), NK cells (~7%), T cells (~6%), and B cells 
(~5%). CD-DMAEMA polymers had slightly varied phenotypic 
expression profiles when complexed with the glycosylated 
adamantane polymers, including a slight reduction in 
expression in monocytes (~5%), T cells (~4%) and B cells (~4%), 
and a trend of higher expression in leukocytes (~16%) and NK 
cells (~7%) (Figure 3B-C). CD-PDMAEMA complexed with P2 
and P3 showed a slight increase in leukocyte eGFP expression, 
indicating that the middle amounts of glycosylation may be 
optimal for leukocyte targeting and reflecting the increased 
number of cells expressing eGFP in Figure 3A and S8. This 
mechanism may be similar to known leukocyte recognition of 
lectins, that enable cellular binding and uptake.49-50 
Interestingly, P4 showed significantly higher expression in NK 
cells (p=0.023), despite no glycosylation. We suspect that this 
is due to the co-localization of multiple CD-PDMAEMA groups 
on a single polymer DMA chain which enables greater uptake 
in NK cells, and may be related to known NK cells recognition 
of haptens or virus like particles (VLPs).51 Overall, glycosylation 
of CD-PDMAEMA polymers enabled higher expression in 
immune cells, and specifically leukocytes, compared to DNA 
alone, PEI and control polymers.

Conclusions

We designed a library of cationic polymers that are paired with 
glycopolymers through host-guest interactions for targeted 
gene delivery. We show that the medium length CD-
PDMAEMA polymer is optimal for DNA complexation and in 
vitro transfection. Complexing the CD-PDMAEMA polymers 
with glycosylated adamantane polymers enhanced 
transfection both in vitro and ex vivo, which was specifically 
increased due to glycosylation. We demonstrated that the 
elevated protein expression ex vivo was due to an increased 
number of transfected cells as op-posed to the per cell 
expression, and that glycosylation showed a trend of 
increasing the number of leukocytes expressing GFP. We 
believe that this platform will be highly useful for exploring 
how different glycan groups affect cellular uptake and 
targeting in different tissues, and represent a clinically 
translational relevant approach for targeted gene delivery. 
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