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1. Introduction:
The leading glomerular cause of chronic kidney disease (CKD), which affects over
25 million Americans, is focal segmental glomerulosclerosis (FSGS). Despite
increasing evidence that podocytes are the primary injured cells in FSGS, the
current standard of care is immunosuppressant therapy that leads to adverse side
effects. The main goal of this work is to develop a podocyte-selective drug delivery
system for FSGS by developing a polymeric drug delivery vehicle that is comprised
of polymers engineered for maximal kidney accumulation that are functionalized
with podocyte-targeting ligands for molecular recognition.

2. Keywords: focal segmental glomerulosclerosis (FSGS), podocyte targeting,

polymer, kidney accumulation

3. Accomplishments:

a. Major Goals (revised with No Cost Extension, PI: Pun)

Specific Aim 1: Develop kidney accumulating polymeric drug carriers
a. Synthesis of Polymer Panel (Pun)
i. Bis-T-23 and monomers. December 2016. 100% complete
ii. Synthesis of polymer panel. May 2017. 100% complete
iii. Characterization of polymers. May 2017. 100% complete
iv. Synthesis of Dex-polymer panel. September 2019. 100% complete.
b. Drug loading and release studies (Pun)
i. Bis-T-23 loading and characterization. June 2017. 100% complete
ii. Bis-T-23 release studies and polymer refinement. Sept 2017. 100% complete
iii. Dex release studies. Feb 2020 0% complete.
C. Biodistribution and kidney distribution studies
i. Synthesis of labeled polymers. (Pun) Sept 2018. 75% complete.
ii. Biodistribution in mice. (Pun and Shankland) March 2018.
iii. Kidney distribution studies. (Shankland) June 2018. 100% complete.
iv.Synthesis of labeled Dex polymers. March 2020. 0% complete
v. Biodistribution of labeled Dex polymers. May 2020. 0% complete.
Specific Aim 2: Identify and characterize a novel podocyte-binding peptide
a. Cell preparation and characterization (Shankland and Pun)
i. Isolation of cultured podocytes and control cell line (Shankland) December 2016 100% complete
b. Phage display for podocyte-binding peptides (Pun)
i. Phage display rounds (Pun) using Nephrin as target Sept 2018 (100% complete)
ii. Phage display rounds (Pun) using primary podocytes as target Sept 2018 (100% complete)
iii. NGS analysis (Pun) March 2018
C. Selex for podocyte binding aptamers (Pun)
i. Development of SELEX aptamer-particle display for Pun Lab. March 2017. 100% complete
ii. Aptamer-particle display screening using nephrin. Aug 2017. 100% complete.
iii. NGS Sequencing and analysis. Sept 2017. N/A
d. Ligand evaluation (Pun and Shankland)
i. Synthesis of potential ligands (Pun) Sept 2019
ii. In vitro validation (Pun) March 2018 100% complete
iii. Ligand biodistribution in mice (Pun and Shankland) July 2018. 50% complete
iv.Kidney distribution (Shankland) July 2018 50% complete
v. Ligand optimization (Pun) Sept 2018
Specific Aim 3: Evaluate efficacy in a mouse model of FSGS
a.  Synthesis of polymers for efficacy studies (Pun) March 2020 33% complete
b.  Synthesis of polymers for biodistribution studies (Pun) March 2020 33% complete.
c. Efficacy studies
i. Podocyte specificity and efficacy validation in vitro (Pun/Shankland) Nov 2018. 5% complete.
ii. Efficacy in FSGS model (Shankland/Pun) July 2020 10% complete.
vii. Histological analysis (Shankland) September 2020




b.

Accomplishments to date

Specific Aim 1. Develop kidney-accumulating polymeric carriers.

In Years 1 and 2, we (i) synthesized a panel of polymers to determine polymer
properties for kidney accumulation and (ii) synthesized polymers reversibly
conjugated to Bis-T-23, a drug reported to increase actin polymerization in
podocytes, thereby reducing symptoms of FSGS in animal models. We
successfully produced anionic polymers that accumulate preferentially in the
kidney. However, we were unable to reproduce reports of Bis-T-23 efficacy both
in vitro and in vivo. Therefore, in Year 3, we pivoted to evaluate alternative drugs
for delivery using our kidney-localizing polymers. One clinically-used drug is
dexamethasone, a steroid drug that also has systemic side effects and could
therefore benefit from targeted renal delivery.

We first confirmed that dexamethasone treatment to cultured podocytes
challenged with puromycin aminonucleoside improves cell viability (Figure 1A).
We then designed and synthesized a polymer for podocyte-targeted
dexamethasone delivery (Figure 1B). This polymer contains monomer units that
impart water solubility (purple), a conjugate site for eventual antibody
conjugation to impart podocyte targeting (red) and dexamethasone attached via
a reversible hydrazone bond (brown). The hydrazone linkage is broken in acidic
conditions that would be present after receptor-mediated internalization into
acidic endosome structures. The synthesized polymer has low polydispersity
(D= 1.114) and self-assembled into micelle structures with average diameter of
22 nm and anionic surface charge.

We then conjugated the anti-podocyte antibody (see Specific Aim 2) to the
polymer and showed that increased internalization was observed in a ligand
density-dependent manner (Figure 1C). These results suggest successful
targeted-delivery of the polymer-drug conjugate into cells. However, when we
tested this polymer in the PAN challenge assay with cultured podocytes, we did
not see any improvement in survival with treatment despite extensive
optimization in experimental conditions (Figure 1D). Based on these results, we
hypothesized that the dexamethasone drug was not being released quickly
enough after internalization.
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Figure 1. A. Dexamethasone rescues podocytes in an in vitro drug challenge model. B. Structure of
dexamethasone-conjugated polymer that contains monomers for water solubility (purple), targeting ligand
conjugation (red) and reversibly-loaded drug (brown). C. Internalization study of fluorescently-labeled
micelles of dexamethasone-conjugated polymer that are unfunctionalized (control NP) or functionalized
with an anti-podocyte antibody (podocyte NP). D. Podocyte-targeted micelles containing dexamethasone
via a hydrazone linkage do not rescue podocytes in an in vitro drug challenge model

Based on this study, we synthesized a second polymer that includes a pendant
dexamethasone connected via a more labile linkage (Figure 2A). This linkage was
previously shown to have much faster release kinetics. This polymer also self-
assembles into micelles with diameter around 40 nm, as determined by dynamic
light scattering (Figure 2B). We also conjugated anti-podocyte antibodies for
targeted uptake and fluorescently-labeled the polymers so we could monitor
internalization by flow cytometry. Podocyte-targeted were internalized >13-fold
more efficiently than control, untargeted polymers (Figure 2C). Our next step is to
test activity of the polymers in cultured podocytes. If efficacy is observed, we will
move forward to in vivo testing.
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Figure 2. A. Dexamethasone-functionalized polymer with more labile linkage for faster drug release. B.
Polymer self-assembles into micelles with average diameter of 40 nm. C. Polymers conjugated with anti-
podocyte antibodies are internalized more efficiently by cultured podocytes than control,
unfunctionalized polymers.
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a symptom of FSGS, by urine collection and
evaluation of albumin to creatinine ratio. We observed proteinuria by two days
post-treatment, with gradual resolution by 2 weeks post-disease induction.

Next, we evaluated in vivo targeting using the anti-podocyte-functionalized,
dexamethasone-conjugated polymers. Polymers were labeled with Cy5 for
imaging. Polymers were labeled with Cy5 for imaging. Polymer accumulation
was observed in lung, liver, spleen and kidneys (Fig 4A). Kidneys were harvested
and imaged by fluorescence microscopy. Significantly increased fluorescence

;



was observed in the glomeruli of animals injected with targeted polymer
compared to control polymer (Fig 4B). We quantified glomerular association by
image analysis of 10 random glomeruli. Significantly higher fluorescence was
observed in animals treated with targeted polymer compared to control polymer
(Fig 4C). Therefore, the podocyte antibody can be used to increased delivery of
polymer-drug conjugates to glomeruli.
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Figure 4. A. Xenogen imaging of organs of mice treated with PBS,
control NP and Shampodo-modified NPs (podocyte NP). B. Fluorescence
microscopy imaging of kidney sections of mice treated with podocyte NP
or control NP. C. Quantification of polymer fluorescence in mice treated
with podocyte NP or control NP.

C. Training and Professional Development
Several scientists have been supported on this work. Yilong Cheng, a
postdoctoral fellow, developed boronic acid-based polymers for this work.
Shixian Lyu, a postdoctoral fellow, developed dexamethasone-conjugated
polymers. Alex Prossnitz, a graduate student, has received training in polymer
synthesis (from Yilong Cheng) and has synthesized the polymer panel together
with Yilong Cheng. Gary Liu, a graduate student, has received training in
polymer synthesis (from Postdoc Yilong Cheng) and also contributed toward
polymer synthesis. He has also gained experience in drug release studies as
well as developed assays for monitoring Bis-T-23 in cultured cells. Gary Liu has
also learned animal models of kidney disease (from Scientist Dr. Diana Eng) and
podocyte biology (from Drs. Stuart Shankland and Jeffrey Pippin). He has
attended the American Society of Nephrology Annual Conference as a STARS
recipient for 3 years.

d. Results dissemination:

1. Liu GW, Johnson SL, Jain R, Peeler DJ, Shankland SJ, Pun SH.
Optimized nonviral gene delivery for primary urinary renal progenitor cells
to enhance cell migration. J Biomed Mater Res A. 2019
Dec;107(12):2718-2725. doi: 10.1002/jbm.a.36775. Epub 2019 Aug 22.
PMID: 31404486



https://www.ncbi.nlm.nih.gov/pubmed/31404486
https://www.ncbi.nlm.nih.gov/pubmed/31404486
https://www.ncbi.nlm.nih.gov/pubmed/?term=31404486

4.

2. Lee, D.C., Prossnitz, A.N., Lamm, R.J., Boydston, A.J., and Pun, S.H.
(2019) Dual polymerizations: untapped potential for biomaterials. Adv
Healthcare Materials, 8 (6), 1800861. PMID: 30369103. PMCID:
PMC6426662.

3. Liu, G.W.*, Prossnitz, A.N.*, Eng, D.G., Cheng, Y., Subrahmanyam, N.,
Pippin, J.W., Lamm, R.J., Ngambenjawong, C., Ghandehari, H., Shankland,
S.J., and Pun, S.H. (2018) Glomerular disease augments kidney
accumulation of synthetic anionic polymers. Biomaterials, v178:317-325.
PMID: 29891232.

4. Cheng, Y., Liu, G.W., Jain, R., Pippin, J.W., Shankland, S.J., and Pun, S.H.
Boronic acid copolymers for direct loading and acid-triggered release of Bis-
T-23 in cultured podocytes. ACS Biomaterials Science and Engineering,
v4:3968-3973. PMID: 31259236. PMCID: PMC6599616.

e. Plans for next reporting period to accomplish the goals: Nothing to report

Impact : Dr. Pun’s grant remains in a no-cost extension. At this time, there is
nothing to report and we expect that impact will be assessed in her final report.

e What was the impact on the development of the principal discipline(s) of the
project?

o Nothing to Report
¢ What was the impact on other disciplines?
Nothing to Report
e What was the impact on technology transfer?
o Nothing to Report
e What was the impact on society beyond science and technology?
o Nothing to Report
Changes: None.
Products (total):
Poster presentation at the 2016 NanoDDS Conference.

GW Liu, JW Pippin, SJ Shankland, SH Pun. Bis-T-23 efficacy in in vitro models
of podocyte injury. nanoDDS, Baltimore, MD, 2016. (Poster)


https://www.ncbi.nlm.nih.gov/pubmed/?term=30369103
https://www.ncbi.nlm.nih.gov/pubmed/?term=29891232
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6599616/

Poster presentation at 2018 Polymers in Medicine and Biology Conference.
Prossnitz, A.N., Liu, G.W., Eng, D.G., Cheng, Y., Pippin, J.W., Lamm, R.J.,
Ngambenjawong, C., Shankland, S., Pun, S.H. (2018) Glomerular disease
augments kidney accumulation of synthetic anionic polymers. Polymers in
Medicine and Biology. Napa, California.

Poster presentation at American Society of Nephrology Annual Meeting.

GW Liu, AN Prossnitz, DG Eng, Y Cheng, JW Pippin, RJ Lamm, C
Ngambenjawong, SJ Shankland, SH Pun. Glomerular disease augments kidney
accumulation of synthetic polymers. American Society of Nephrology, San Diego,
CA, 2018. (Poster)
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Participants and Other Collaborating Organizations

Name: Suzie Pun

Project Role: PI

Researcher Identifier: ORCID ID 0000-0003-1443-4996

Nearest person month worked: 2 (20% effort)

Contribution to project: Project oversight and coordination; reporting

Name: Stuart Shankland

Project Role: Partnering Pl

Nearest Person month worked: 2 (20%)

Contribution to project: strategic planning and experimental design

Name: Diana Eng

Project Role: Research Scientist

Nearest Person month worked: 6 (50%)

Contribution to project: Is overseeing all animal work

Name: Natalya Kaverina

Project Role: Research Scientist

Nearest Person month worked: 6 (50%)

Contribution to project: Is responsible for immunostaining and protein detection

Name: Gary Liu
Project Role: Graduate Student
Nearest person month worked: 3 (25% effort)

Contribution to project: Dexamethasone-polymer testing in cultured podocytes and FSGS mouse model.

Name: Shixian Lyu

Project Role: Chemistry postdoc

Nearest person month worked:3 (25% effort)

Contribution to project: Synthesis of dexamethasone-conjugated polymers.

Name: Alex Prossnitz

Project Role: Graduate Student

Nearest person month worked: 4 (33% effort)

Contribution to project: Synthesis of polymers for biodistribution studies.
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Changes in Other Support: Not applicable (final report)
What other other organizations were involved as partners?: Nothing to report

8. Special Reporting Requirements: See attached quad chart
9. Appendices — publications

1. Liu GW, Johnson SL, Jain R, Peeler DJ, Shankland SJ, Pun SH.
Optimized nonviral gene delivery for primary urinary renal progenitor cells
to enhance cell migration. J Biomed Mater Res A. 2019
Dec;107(12):2718-2725. doi: 10.1002/jbm.a.36775. Epub 2019 Aug 22.
PMID: 31404486

2. Lee, D.C., Prossnitz, A.N., Lamm, R.J., Boydston, A.J., and Pun, S.H.
(2019) Dual polymerizations: untapped potential for biomaterials. Adv
Healthcare Materials, 8 (6), 1800861. PMID: 30369103. PMCID:
PMC6426662.

3. Liu, G.W.*, Prossnitz, A.N.*, Eng, D.G., Cheng, Y., Subrahmanyam, N.,
Pippin, J.W., Lamm, R.J., Ngambenjawong, C., Ghandehari, H., Shankland,
S.J., and Pun, S.H. (2018) Glomerular disease augments kidney
accumulation of synthetic anionic polymers. Biomaterials, v178:317-325.
PMID: 29891232.

4. Cheng, Y., Liu, G.W., Jain, R., Pippin, J.W., Shankland, S.J., and Pun, S.H.
Boronic acid copolymers for direct loading and acid-triggered release of Bis-
T-23 in cultured podocytes. ACS Biomaterials Science and Engineering,
v4:3968-3973. PMID: 31259236. PMCID: PMC6599616.
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Study/Product Aims
* The goal of this work is to demonstrate the therapeutic efficacy of
podocyte-selective drug delivery in FSGS. The development of such a
platform can transform how FSGS is treated by enabling clinical
translation of new classes of small molecule and biologic drugs, and by
“rescuing” drug candidates that have failed due to poor solubility or
systemic toxicity.

* We hypothesize that podocyte-selective drug delivery in vivo will be an

effective strategy to halt and reverse experimental FSGS in mice while
minimizing systemic toxicity. Accordingly, we will develop a polymeric
drug delivery vehicle comprising (i) polymers engineered for maximal
kidney accumulation, functionalized with (ii) podocyte-targeting
peptides for molecular recognition, and (iii) loaded with Bis-T-23 for
podocyte protection.

N\ podocyte-targeting
tide
\ 7’ vep

0

linear comb sunflower

Aim 1. Screen a panel of polymers for
properties that enhance kidney accumulation. |-/ o

—
podocyte-targeting
peptide
Aim 2. Identify a podocyte-binding peptide by Aim 3. Test drug, loaded, targeting-
peptide by phage display and next-generation peptide functionalized materials in a
sequencing. ] mousemodel of FSGS.
Figure 1. Overview of proposal. In Aim 1, a panel of polymers with different structure,
charge, and molecular weight will be screened for materials that accumulate in the kidney.
At the same time, in Aim 2 a podocyte-targeting peptide will be identified using phage
display and next-generation sequencing. The optimized material from Aim 1, loaded with
Bis-T-23 drug and functionalized with targeting peptide from Aim 2, will be tested in a
mouse model of FSGS in Aim 3.

phage display loaded drug FSGS mouse model

Timeline and Cost

Activities CY| 16 17 18 19
Start-up |
1. Develop kidney-accumulating polymeric l

drug carriers |

2. Identify and characterize a novel
podocyte-binding peptide

3. Evaluate efficacy of polymer drug
formulations in mouse model FSGS

Estimated Budget ($K) $0 $333,673 | $332,095 | $362,103

Updated: January 2020

Goals/Milestones (Example) Stuart to complete

CY17 Goal — Develop kidney-accumulating polymeric carriers.

+ synthesized a panel of polymers to determine polymer properties

for kidney accumulation

+/ synthesized polymers reversibly conjugated to Bis-T-23,

CY18 Goals — Identification of a podocyte-targeting ligand.

v/ generated an anti-podocyte antibody

CY19-20 Goal — efficacy studies

v/ Polymers were labeled with Cy5 for imaging. Polymer
accumulation was observed in kidneys

Comments/Challenges/Issues/Concerns
» Work continues to optimize drug delivery to podocytes in disease
states

Budget Expenditure to Date
Projected Expenditure:
Actual Expenditure:

$1,027,871
$1,027,871
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1 | INTRODUCTION

Abstract

Progressive loss of glomerular podocytes during kidney disease leads to irreversible
kidney failure, and is exacerbated by the fact that podocytes are terminally differenti-
ated epithelial cells and unable to proliferate. Regeneration of lost podocytes must
therefore derive from nonpodocyte sources. Human urine-derived renal progenitor
cells (URPCs) are attractive podocyte progenitors for cell therapy applications due to
their availability from patient urine and ability to migrate to injured glomeruli and dif-
ferentiate into de novo podocytes after intravenous administration. Because gene
delivery has emerged as an important strategy to augment the functionality and
survival of cell therapies prior to injection, in this work we optimized nonviral gene
delivery conditions (cell density, DNA dose, % FBS, and transfection material compo-
sition) to primary uRPCs. Using the cationic polymer-peptide conjugate VIPER for
gene delivery and the Sleeping Beauty transposon/transposase constructs for gene
integration, we optimized transfection parameters to achieve efficient transgene
expression (up to 55% transfected cells) and stable transgene expression (>65% inte-
gration efficiency) lasting up to 10 days. With these methods, we transfected uRPCs
to overexpress CXCR4, an important chemokine receptor that mediates uRPC migra-
tion to the kidneys after intravenous injection, and demonstrate that CXCR4-uRPCs

exhibit enhanced migration compared to mock-transfected cells.

KEYWORDS
gene delivery, glomerular parietal epithelial cell, kidney, nonviral, podocyte, renal

progenitor cell

filtration barrier (Matsusaka et al., 2005; Wharram et al., 2005). As

podocytes are terminally differentiated and unable to proliferate,

New therapies to arrest chronic kidney disease (CKD) progression and
prevent end-stage kidney failure are urgently needed as the cost of
treating these patients approaches a staggering $114 billion/year in
the United States (Saran et al., 2019). A leading cause of CKD is injury
and loss of glomerular podocytes, highly specialized and differentiated

epithelial cells that are an integral component of the glomerular

Gary W. Liu and Soren L. Johnson contributed equally to the study.

replenishment of podocyte number during physiological and patholog-
ical podocyte loss is entirely dependent on cellular regeneration by
nonpodocyte sources (Kaverina, Eng, Schneider, Pippin, & Shankland,
2016; Lasagni, Lazzeri, Shankland, Anders, & Romagnani, 2013;
Shankland, Pippin, & Duffield, 2014). During disease conditions when
podocyte loss is aggravated (e.g., by circulating factors, autoreactive
antibodies, genetic mutations of key podocyte cytoskeletal proteins;
Beck et al., 2009; Hahm et al., 2017; Patrakka et al., 2000), the rate of

2718 © 2019 Wiley Periodicals, Inc.

wileyonlinelibrary.com/journal/jbma

J Biomed Mater Res. 2019;107A:2718-2725.
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podocyte loss overwhelms the regenerative capacity of endogenous
podocyte progenitors. Continuous net podocyte depletion leads to
focal, then global, glomerulosclerosis that deteriorates kidney filtration
(Wharram et al., 2005). Maintaining podocyte number is critical for
kidney function, and autologous transfer of podocyte progenitors may
be clinically strategic to supplement the endogenous progenitor reser-
voir and meet the increased regenerative demand during disease.

Renal progenitor cells (RPCs) are an attractive candidate for
podocyte cell therapies due to their ease of sourcing from urine and
their ability to integrate into injured mouse glomeruli and differentiate
into de novo podocytes after intravenous administration. Within the
nephron, RPCs are a subset of parietal epithelial cells (PECs) that line
the Bowman's capsule and are characterized as CD133"CD24" (CD,
cluster of differentiation), markers of stem and progenitor cells
(Shankland, Smeets, Pippin, & Moeller, 2014). Bowman's capsule RPCs
are contiguous with glomerular podocytes and exhibit a gradient in
phenotype from multipotent RPCs near the urinary pole to podocyte-
committed RPCs near the vascular pole. Clinically, RPCs are shed into
urine during active proteinuria (Lazzeri et al., 2015), presenting a nonin-
vasive avenue of collecting and expanding these cells for therapeutic
applications. Intravenous infusion of urine-derived RPCs (URPCs) in an
animal model of doxorubicin hydrochloride-induced nephropathy signif-
icantly reduced proteinuria, and administered uRPCs integrated into
glomeruli and expressed podocyte proteins synaptopodin, nephrin, and
podocin, suggesting differentiation into de novo podocytes (Lazzeri
et al., 2015; Ronconi et al., 2009).

Gene delivery is often applied to cell therapies to augment the func-
tionality and survival of the transferred cells: in cancer immunotherapy,
the Food and Drug Administration-approved T-cell therapies Yescarta
and Kymriah recognize B-cell leukemias through viral transduction of
CD19 chimeric antigen receptors. An interesting candidate for gene
delivery to RPCs is the chemokine receptor C-X-C chemokine receptor
type 4 (CXCR4), which is expressed on multiple cell types (e.g., hemato-
poietic stem cells, leukocytes) and mediates cellular migration through
binding to its ligand, stromal cell-derived factor-1a (SDF-1a; Kucia et al.,
2004), which is often locally upregulated in diseased or injured tissues
(Chen et al., 2014; Deng, Xu, & Ren, 2018). CXCR4 mediates RPC
migration to the kidneys during disease: blocking CXCR4 on transferred,
tissue-derived RPCs with antibodies significantly reduces cell recruit-
ment and efficacy in a mouse model of acute renal failure (Mazzinghi
et al., 2008). CXCR4 overexpression through gene delivery has been
shown to augment the migration of mesenchymal stem cells (MSCs) to
glioblastoma multiforme tumors and the engraftment of human pluripo-
tent stem cell-derived hematopoietic progenitor cells into bone marrow
(Jiang, Wang, Fitch, & Yang, 2018; Reid et al., 2018). Similarly, we
hypothesize that CXCR4 overexpression via gene delivery methods in
transferred uRPCs could enhance cellular homing in response to injured
glomeruli and subsequent podocyte regeneration.

Given the clinical potential of uRPCs in regenerating lost podocytes,
we developed methods for nonviral gene delivery to uRPCs using a
cationic polymer-peptide conjugate, VIPER (virus-inspired polymer for
endosomal release), for both transient and stable transgene expression
(Cheng, Yumul, & Pun, 2016; Peeler et al., 2019). First, we optimized
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transfection conditions (cell seeding density, media fetal bovine serum
[FBS] content, DNA dose, VIPER composition) to achieve efficient
transgene expression (up to 55%) in primary uRPCs. Through
co-transfection with Sleeping Beauty transposon plasmid and trans-
posase minicircle, we attained long-term (10 day) transgene expression.
In translational work, we transfected uRPCs to overexpress CXCR4, and
show that transfection significantly increases CXCR4 expression and

migration compared to mock-transfected cells.

2 | MATERIALS AND METHODS

2.1 | Plasmids

A tdTomato-T2A-DHFRdm plasmid that carries the T3 SB transposon
cassette containing an elongation factor 1-a (EFla) promoter,
tdTomato, Thosea asigna virus 2A cleavable peptide (T2A), and a
double-mutant of dihydrofolate reductase (DHFRdm) insensitive to
methotrexate (MTX) was constructed using the previously reported
pMC_T3/mCherry-T2A-DHFRdm construct as a backbone and stan-
dard molecular biology cloning techniques (Kacherovsky, Liu, Jensen, &
Pun, 2015). A tdTomato-containing plasmid (generous gift from Michael
Jensen, Seattle Children's Research Institute) and the NTC9385R-MCS
plasmid (Nature Technology; Luke, Carnes, Hodgson, & Williams, 2009)
were used as templates for PCR. R6K-RNA-OUT origin of replication
and selection gene were amplified with complementary ends and ligated
to the transposon. The plasmid was transformed into electrocompetent
bacteria according to manufacturer instructions (Nature Technology)
and purified using a Plasmid Maxi Kit (Qiagen). SB100x transposase
minicircle was described previously (Kacherovsky, Harkey, Blau,
Giachelli, & Pun, 2012). pmaxGFP plasmid was purchased from Lonza,
and CXCR4 plasmid was a gift from Bryan Roth (Addgene plasmid
66262; Kroeze et al., 2015).

2.2 | VIPER synthesis

The cationic polymer-peptide conjugate VIPER was synthesized
and characterized as previously described by reversible addition-
fragmentation chain-transfer polymerization (Cheng, Yumul, & Pun,
2016; Peeler et al.,, 2019). VIPER is a diblock copolymer with the general
formula p(OEGMA-co-DMAEMA)-b-p(DIPAMA-co-PDSEMA), where
OEGMA is oligo(ethylene glycol) monomethyl ether methacrylate,
DMAEMA is 2-(dimethylamino)ethyl methacrylate, DIPAMA is 2-diiso-
propylaminoethyl methacrylate, and PDSEMA is pyridyl disulfide ethyl
methacrylate. After polymerization, copolymers were conjugated with
the membrane-lytic peptides melittin, FL-20, CMA-2, C6M3, or MEP-2
as previously described (Peeler et al., 2019).

2.3 | RPCisolation

Human RPCs were isolated from patient urine as previously described
with modifications (Lazzeri et al., 2015; Ronconi et al., 2009) and with
approval from the University of Washington Institutional Review Board.

Briefly, fresh patient urine samples were collected, washed with
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phosphate-buffered saline (PBS), and plated with EGM-MV + 20% FBS
(Lonza) supplemented with antibiotics on T-75 flasks. Cells were
allowed to grow for 6-8 days until confluence. For sorting, cells
were lifted with Accutase (Millipore), stained with anti-CD133-
allophycocyanin (clone 293C3, Miltenyi Biotec) and anti-CD24-fluores-
cein isothiocyanate (clone SN3, ThermoFisher Scientific) antibodies, and
then sorted for double-positive cells (BD FACSAria Ill, UW Pathology
Flow Cytometry Core). Isotype-stained cells were used to establish
gates. Sorted CD133"CD24" cells were plated on T75 flasks and
allowed to grow to confluence. Multiple cell stocks were frozen in 5%
dimethylsulfoxide/95% FBS or allowed to grow for another passage

before freezing.

2.4 | Transfection

In a typical transfection experiment, RPCs were thawed and either
plated directly or first allowed to proliferate and then plated in a
24-well plate for experiments. RPCs were transfected after 18-21 hr
incubation. For polyplex formulation, VIPER polymer dissolved in
10 pl H,O at the appropriate nitrogen/phosphate (N/P) mass ratio
was added to 1 pg plasmid dissolved in 10 pl H,O, mixed, and incu-
bated at room temperature for 30 min. Cells were then washed with
500 pl PBS; after PBS was added but before removal, 180 pl media
was added to the polyplexes. PBS was then removed from the cells
and polyplexes were immediately added. After 4 hr incubation with
polyplexes at 37°C, cells were washed with PBS and incubated in
fresh media for 24-48 hr.

The tdTomato-T2A-DHFRdm plasmid was co-transfected with
SB100x transposase minicircle for genome-integration studies using
the methods described above. The total DNA amount was fixed at
1 pg at various transposon:transposase mole ratios (1:0-1:4).
Transient and stable tdTomato expression was quantified by flow
cytometry on Days 1 and 10, respectively. Percent integration was
calculated as the percent tdTomato+ cells on Day 10 divided by the
percent tdTomato+ cells on day 1. MTX selection was performed by
adding various concentrations of MTX (0-500 nM) to media following
co-transfection.

For flow cytometry analysis, cells were washed with PBS, lifted
with trypsin for 5 min, resuspended in PBS, stained with Zombie Vio-
let viability dye (BioLegend) according to manufacturer instructions,
and resuspended in 1% bovine serum albumin in PBS. Flow cytometry
was performed using an Attune NxT flow cytometer (ThermoFisher
Scientific), and data were analyzed using the FlowJo software. Statisti-
cal analysis was performed using GraphPad Prism 6. To quantify
CXCR4 expression, CXCR4-transfected cells were lifted and incubated
with mouse anti-CXCR4 monoclonal primary antibody (eBioscience,
clone 12G5) for 30 min at 4°C, followed by staining with Alexa Fluor
488-labeled donkey anti-mouse antibody (Jackson ImmunoResearch
Laboratories, Inc.) for 30 min at 4°C. Cells were evaluated for CXCR4
protein expression by flow cytometry as described above, using

secondary antibody-stained controls to establish negative gates.

2.5 | Migration studies

Renal progenitor cells were transfected as described above with either
tdTomato (for mock transfections) or CXCR4 plasmid. At 24-48 hr post-
transfection, cells were lifted, resuspended in 200 pl complete media,
and then added to the upper chamber of transwell inserts (8-um pore
size, polyester, Corning). Cells were then incubated for 10 min at 37°C
to facilitate cell settling. After incubation, 500 pl of 100 ng/ml SDF-1a
(PeproTech) in serum-free RPMI was added to the lower chamber, and
cells were incubated for 24 hr. Cells were fixed with 4% paraformalde-
hyde and stained with 4’,6-diamidino-2-phenylindole (DAPI). Image
capture and analysis were performed in a blinded manner using a fluo-

rescent microscope (Nikon).

3 | RESULTS

3.1 | Optimization of nonviral gene delivery

Plasmids of minimal size were generated with the short (<500
basepairs) expression and antibiotic-free selection sequence from the
Nanoplasmid platform, as transfection efficiency increases with
decreasing plasmid size (Levacic, Morys, Kempter, Lachelt, & Wagner,
2017; Suschak, Williams, & Schmaljohn, 2017). To evaluate transient
and long-term transfection, plasmids containing the Sleeping Beauty
transposon system (SBTS) that we have previously reported were gen-
erated, but with a tdTomato fluorescent reporter (Kacherovsky et al.,
2015). Briefly, the transposon expresses tdTomato and a double-
mutant of dihydrofolate reductase (DHFRdm) that confers resistance to
methotrexate (MTX) metabolic inhibition. The SBTS is a nonviral gene
transfer method currently used in clinical trials for adoptive T-cell ther-
apy (Aronovich, Mclvor, & Hackett, 2011). Compared to viral vectors,
SBTS is less costly, easier to produce, and exhibits a reduced risk of
insertional mutagenesis (Aronovich et al., 2011). Short-term transfec-
tion is evaluated by transfection of the plasmid alone, while long-term
gene integration is evaluated by co-transfection with transposase,
which recognize the inverted terminal repeats flanking the transposon
and integrates the transposon into the genome. Subsequent MTX addi-
tion could provide an avenue to select for gene-integrated cells for a
more homogeneous cell population (Kacherovsky et al., 2015).

The cationic polymer-peptide conjugate, VIPER, was utilized for
most of these gene delivery experiments. This block copolymer forms
cationic micelles comprised of a positively charged shell that con-
denses nucleic acid and a reversibly hydrophobic core that hides a
membrane-lytic peptide under pH-neutral conditions. After cellular
internalization into acidic endosomes and lysosomes, the core of the
polymer switches to hydrophilic in nature, reversing micelle assembly
and exposing conjugated membrane-lytic melittin peptides that medi-
ate endosomal escape and gene delivery into the cytoplasm (Cheng,
Yumul, & Pun, 2016). This delivery technology enables efficient gene
delivery in vitro and in vivo, and in subsequent studies we have
developed a panel of VIPER variants with alternative membrane-lytic
peptides that exhibit cell type-dependent transfection efficiency
(Peeler et al., 2019).
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We first screened a panel of the following nonviral transfection
reagents: VIPER, Lipofectamine, high-molecular weight branched poly-
ethylenimine, cationic sunflower polymers (Cheng, Wei, et al., 2016),
and the TransIT system for delivery of a 4.2 kilo-basepairs plasmid
encoding for the reporter gene tdTomato. As VIPER outperformed all
other transfection reagents in gene transfer efficiency (Figure S1),
VIPER was selected for further optimization. Initial VIPER transfection
experiments screened for the effect of cell density, DNA dose, media
FBS content, and VIPER composition on transfection efficiency and via-
bility using design of experiments optimization (Olden, Cheng, Yu, &
Pun, 2018). First, uRPC density (2.5 x 10% or 5.0 x 10* cells/well) and
DNA dose (1 or 2 pg) were optimized. At each of the nitrogen (VIPER
tertiary amines) to phosphate (DNA backbone; N/P) ratios tested, trans-
fection with 1 pg DNA resulted in greater viability and number of
tdTomato+ cells compared to transfection with 2 pg DNA. Notably,
transfections at N/P > 3 with 5.0 x 10 cells/well resulted in greater
than double the viability and number of tdTomato+ cells compared to
transfections with 2.5 x 10% cells/well (Figure 1a). Therefore, future
transfections were performed using 1 pg DNA and 5.0 x 10% cells/well.

Next, media conditions (reduced serum OptiMEM or media con-
taining 10% FBS) were optimized. Generally, the presence of serum
improves cell viability, but decreases transfection efficiency. We
hypothesized that transfection in media containing 10% FBS would
improve transfection efficiency and cell viability at higher N/P ratios.
Indeed, at greater N/P, transfections performed in media containing
10% FBS exhibited greater viability and comparable transfection
efficiency compared to those performed in OptiMEM (Figure 1b).
Accordingly, subsequent transfection experiments were performed in
10% FBS.
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A panel of VIPER variants with different membrane-lytic peptides
was tested to identify the best-performing VIPER formulation. Cell
types exhibit different rates of endosomal acidification and trafficking
which may affect the performance of VIPER endosomal escape and
plasmid delivery (Olden, Cheng, Cheng, & Pun, 2019; Peeler et al.,
2019; Rybak & Murphy, 1998). To account for cellular variances in
endosomal dynamics and VIPER performance, a panel of VIPER-
peptide conjugates with the following membrane-lytic peptides was
screened: melittin, FL-20, CMA-2, C6M3, and MEP-2 (Peeler et al,
2019). These variants capture a range of optimal membrane-lytic
activity pH and exhibit robust transfection in vivo in the brain after
subventricular zone injection (Peeler et al., 2019). Transfection at N/P
10 and 12 with this VIPER panel revealed that VIPER melittin, CMA-2,
and MEP-2 variants resulted in a higher number of transfected cells
than the other variants (Figure 2). As the original VIPER melittin
resulted in the greatest percent transfection and number of trans-
fected cells, this variant was used in subsequent optimization studies.

Having optimized cell density, DNA amount, media conditions,
and VIPER peptide, transfection experiments were performed in tripli-
cate for statistical analysis and to optimize VIPER/DNA N/P ratio.
Five N/P ratios were tested (Figure 3). Transfection at N/P 12, 14,
and 16 resulted in 37, 46, and 49% tdTomato+ cells, respectively.
Notably, transfection at N/P 14 resulted in significantly higher trans-
fection efficiency than other ratios without a significant decrease in
viability, whereas doubling the N/P ratio from 8 to 16 resulted in a
significant decrease in viability from 79.4 + 10.6% to 45.2 + 10.9%
and no significant increase in transfection efficiency over N/P 14.
Therefore, N/P 14 was used for further transfection experiments. Addi-

tional experiments using a smaller plasmid, pmaxGFP (3.5 kilo-basepairs),
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FIGURE 3 Optimization of transfection N/P ratios. RPCs (n = 3 each) were transfected with VIPER/DNA polyplexes in media containing 10%
FBS at various N/P ratios, 5.0 x 10% cells/well, and 1 ug DNA, and then analyzed for % tdTomato+ cells (left), number of tdTomato+ cells (middle),
and % viability (right) after 2 days by flow cytometry. Statistical analysis was performed using a one-way ANOVA with post-hoc Tukey's multiple
comparisons test. Select comparisons are shown. Bars represent means + SEM. *p-value < .05, **p-value < .01, ****p-value < .0001. FBS, fetal
bovine serum; RPC, renal progenitor cell; VIPER, virus-inspired polymer for endosomal release

yielded 32.7, 55.1, and 44.3% transfection at N/P 10, 15, and 20, respec-
tively (Figure S2).

3.2 | Gene integration

Gene integration efficiency was studied by co-transfecting tdTomato-
T2A-DHFRdm transposon plasmid and SB100x transposase minicircle
at various mole ratios in a total of 1 pg DNA using the optimized
methods. Transient tdTomato expression was analyzed on Day 1, and
stable expression was analyzed on Day 10. Notably, in the absence of
transposase, minimal tdTomato expression (2.1 + 0.5%) was observed
after 10 days, whereas 12.3 + 3.5%, 15.9 + 4.3%, 14.5 + 1.6%, and
18.6 = 1.4% expression was observed for transposon:transposase 4:1,
2:1, 1:1, and 1:2, respectively (Figure 4). Integration efficiency was cal-
culated by dividing % expression on day 10 by that of day 1. The
highest genome integration (68.0 + 2.6%) was achieved at transposon:
transposase 1:2, which was significantly greater than that of 4:1 (42.3
+10.6%) and 1:0 (6.9 + 1.3%). Therefore, addition of transposase
results in stable gene expression. The transposon contains a double-
mutant of DHFR, which renders the mutant DHFR 10,000-fold less
susceptible to MTX inhibition. Therefore, MTX could be used to
enrich uRPCs for those stably transfected with the tdTomato-T2A-
DHFRdm transposon construct. However, extended incubation in
MTX did not induce robust (>90%) enrichment of stably transfected
RPCs (Figure S3). Alternative selection mechanisms, such as puromy-

cin or G418, may improve selection efficiency.

Il day 1

40,11 day 10 | 100
% 30- T 5 80
© ®
€ = 601 .
S 20- 2
5 £ 40
X 10+ X 20-

1:04:1 2.1 1:11:2
transposon:transposase

1:.04:1 2.1 1112
transposon:transposase

FIGURE 4 Sleeping Beauty transposase for stable gene
expression. RPCs (n = 3) were transfected with VIPER/DNA
polyplexes at five mole ratios of tdTomato-T2A-DHFRdm transposon
plasmid to SB100x transposase minicircle. Left: cells were analyzed
for transient expression 1 day after transfection (black) and stable
expression after 10 days (red). Statistical tests were performed
comparing to transposon:transposase 1:0, day 10. Right: percent
integration was calculated as the % tdTomato+ after 10 days divided
by the % tdTomato+ after 1 day. Statistical analysis was performed
using a one-way ANOVA with post-hoc Tukey's multiple comparisons
test. Bars represent means + SEM. *#p-value < .01, ***p-value < .001,
###kp-yvalue < .0001. RPC, renal progenitor cell; VIPER, virus-inspired
polymer for endosomal release

3.3 | Overexpression of CXCR4

We then sought to generate CXCR4-overexpressing uRPCs using
these optimized nonviral gene delivery methods, as transient CXCR4

expression may be clinically useful to promote the migration of
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FIGURE 5 CXCR4 expression and migration. (a) RPCs (n = 3) were transfected and analyzed for CXCR4 expression after 24 hr.

(b) Representative images of DAPI-stained mock-transfected and CXCR4-transfected RPCs that have migrated in response to SDF-1a through a
transwell membrane. (c) Number of migrated mock-transfected or CXCR4-transfected RPCs. Statistical analysis was performed using a one-way
ANOVA with post-hoc Tukey's multiple comparisons test or Student's t test. Bars represent means + SEM. **p-value < .01, ****p-value < .0001.

DAPI, 4’ ,6-diamidino-2-phenylindole; RPC, renal progenitor cell

transferred uRPCs onto the glomerular tuft during systemic circula-
tion. To generate CXCR4-uRPCs, cells were transfected with CXCR4
plasmid or tdTomato plasmid as a mock transfection at N/P 14, and
analyzed for CXCR4 expression by flow cytometry. Untransfected
cells were also analyzed to establish baseline CXCR4 expression.
Transfection with CXCR4 plasmid resulted in a greater percentage of
CXCR4+ cells (~35%) compared to mock transfection (~4%;
Figure 5a). CXCR4 expression observed in mock transfection condi-
tions may be due to nonspecific antibody binding rather than true
gene expression. Transfected cells were then tested for migration in
transwell migration assays. At 24 or 48 hr post-transfection, cells
were lifted and placed into the upper chamber of transwell mem-
branes, and the CXCR4 ligand SDF-1a was added to the lower cham-
ber. In two independent, replicate studies, CXCR4-transfected cells
exhibited greater migration in response to SDF-la compared to

mock-transfected cells (Figure 5b,c, p-value = 0.0019).

4 | DISCUSSION

The progressive loss of glomerular podocytes during disease over-
whelms the regenerative capacity of endogenous podocyte progeni-
tors and directly underlies CKD and end-stage kidney failure. Cell
therapies leveraging RPCs, which are capable of engrafting onto
injured kidney glomeruli and differentiating into new podocytes after
intravenous infusion (Lazzeri et al., 2015; Ronconi et al., 2009), may
be clinically strategic in enhancing the rate of endogenous podocyte
regeneration and arresting CKD progression. These new therapies will
likely utilize gene delivery methods to augment the therapeutic effi-
cacy of the transferred cells. In this work, we optimized nonviral gene
delivery conditions to primary RPCs. Nonviral gene delivery presents
many advantages compared to viral gene delivery, including
unrestricted cargo plasmid size, reduced cost, and reduced risk of
immunogenicity (Olden et al., 2018).

We identified uRPC culture conditions and VIPER composition
that lead to optimal nonviral gene delivery for both short-term and
long-term transgene expression. After 24 hr post-transfection, we
observed up to 55% transfected cells, which decreases to <3% over

10 days. Clinically, transient expression may be useful to temporarily
confer transferred stem cells with transgenes that promote migration
and homing to diseased tissue, but desist after cells adopt differenti-
ated and reparative phenotypes. Given the importance of CXCR4 in
mediating RPC migration to the injured kidney (Mazzinghi et al.,
2008), we demonstrate that transfected CXCR4-uRPCs exhibit
greater CXCR4 expression and cellular migration compared to mock-
transfected cells. Nonviral gene delivery has been an important strat-
egy in augmenting stem cell migration and function: microporation of
MSCs with CXCR4 minicircle enhances cell migration toward skin
injuries (Mun, Shin, Kwon, Lim, & Oh, 2016), and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-overexpressing
adipose-derived stem cells (Jiang et al., 2016) and MSCs (Han,
Hwang, & Na, 2018), mediated by polyplexes, localize to tumors and
reduce tumor burden.

Interestingly, a low percentage of untransfected uRPCs expressed
CXCR4+ (<1%), whereas Mazzinghi et al.(2008) have reported that
RPCs abundantly express CXCR4 at both the protein and mRNA level.
This may be due to cell sourcing differences: here, RPCs were col-
lected from urine, while Mazzinghi et al. isolated RPCs from neph-
rectomized kidney tissue of patients with renal cell carcinoma. A
particular subpopulation of RPCs may be more predisposed to be
denuded or migrate off of the Bowman's capsule during disease and
shed into the urine, resulting in predominantly CXCR4-low-expressing
RPCs in the urine. Extended residence in protein-dense urine may also
contribute to an altered phenotype (Zhai et al., 2016). Given the
importance of CXCR4 in RPC homing, CXCR4 gene delivery methods
may be especially important for urinary RPCs with low baseline
CXCR4 expression.

Using the SBTS, we also achieved long-term (up to 10 days) gene
expression with >65% gene integration efficiency. Here, incorporation
of methotrexate selection via a double-mutant of dihydrofolate reduc-
tase did not result in significant enrichment of transfected cells. An
alternative strategy may be to expand transfected single-cell clones
(Lazzeri et al., 2015), although new agents to reverse and prevent cel-
lular senescence after expansion are needed to maintain the function

of these cells. Genetic manipulation of RPCs ex vivo may present an
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avenue to repair genetically caused podocyte dysfunction. Mutations
in key podocyte ultrastructure and attachment proteins such as
nephrin, podocin, and laminin B2 lead to podocyte dysfunction (Lovric,
Ashraf, Tan, & Hildebrandt, 2016) and kidney failure. These patients
often fail to respond to frontline steroid therapy, and 50% develop
end-stage kidney failure within 15 years (Ha, 2017). While autologous
transfer of URPCs may present an attractive strategy to restore
podocyte number, the same genetic mutations would prevent differ-
entiation into functional podocytes. Indeed, Lazzeri et al. (2015) have
shown that uRPCs derived from patients with genetic mutations in
NPHS2 differentiate into podocytes with severe cytoskeletal F-actin
defects and disruption of nephrin and podocin protein expression.
The methods developed here could enable genomic integration of
wild-type gene variants or clustered regularly interspaced short palin-
dromic repeats (CRISPR)/Cas9 delivery that correct genetic mutations
in uRPCs and therefore lead to differentiation into functional
podocytes in vivo.

Recent work by the Romagnani group has revealed the different
effects of SDF-1a on endogenous and transferred RPCs. Within the
glomerulus, podocytes are the main producer of SDF-1«, which under
normal and disease conditions maintains quiescence of and inhibits
podocyte differentiation by RPCs on the Bowman's capsule (Romoli
et al., 2018; Sayyed et al., 2009). Interestingly, systemic blockade of
SDF-1a in animals reduces proteinuria and increases podocyte regen-
eration by PECs during doxorubicin hydrochloride-induced nephropa-
thy compared to untreated animals, likely due to disruption of SDF-
1a-mediated PEC quiescence (Romoli et al., 2018). While blockade of
intraglomerular SDF-1a may promote podocyte differentiation by
endogenous PECs, the CXCR4-SDF-1a axis is still critical in mediating
glomerular engraftment of exogenous, transferred RPCs (Mazzinghi
et al,, 2008).

We report efficient nonviral gene delivery methods (up to 55%
transfected cells) to primary uRPCs through optimizing cell density,
DNA dose, media FBS content, and VIPER transfection reagent compo-
sition. While co-transfection with transposase minicircle resulted in
>65% integration efficiency, we did not observe significant enrichment
of integrated cells with MTX selection. Transfection with CXCR4 plas-
mid resulted in greater CXCR4 expression and cellular migration in
response to SDF-1a compared to control transfections. Future work will
assess migration and therapeutic efficacy of transfected RPCs in animal
models of podocyte loss. Given the clinical potential of uRPCs as a cell
therapy to regenerate glomerular podocytes, the methods reported
here may be useful in future manufacturing applications to augment the
survival and differentiation ability of uRPCs. Such gene delivery to
URPCs may also be clinically strategic in regenerating functional

podocytes in patients with genetic causes of podocyte dysfunction.
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Dual Polymerizations: Untapped Potential for Biomaterials

Daniel C. Lee, Robert J. Lamm, Alex N. Prossnitz, Andrew J. Boydston, and Suzie H. Pun*

Block copolymers with unique architectures and those that can self-assemble
into supramolecular structures are used in medicine as biomaterial scaffolds
and delivery vehicles for cells, therapeutics, and imaging agents. To date,
much of the work relies on controlling polymer behavior by varying the
monomer side chains to add functionality and tune hydrophobicity. Although
varying the side chains is an efficient strategy to control polymer behavior,
changing the polymer backbone can also be a powerful approach to modulate
polymer self-assembly, rigidity, reactivity, and biodegradability for biomedical
applications. There are many developments in the syntheses of polymers with
segmented backbones, but these developments are not widely adopted as
strategies to address the unique constraints and requirements of polymers for
biomedical applications. This review highlights dual polymerization strategies
for the synthesis of backbone-segmented block copolymers to facilitate their

adoption for biomedical applications.

1. Introduction

Recent advancements in polymerization techniques have
afforded the ability to control, with unprecedented precision, the
composition, sequence, molecular weight, size distribution, and
mechanical and chemical properties of polymers. In turn, the
precision synthesis of polymers has enabled the development
of highly tunable materials for use in tissue engineering, drug
delivery, and biomaterial implants. As of 2017, there were
8 polymeric micelle systems in clinical trials for evaluation
as cancer treatments.l!l Polymeric systems are also used in
Food and Drug Administration (FDA) approved platforms for
prolonged drug delivery!? While there has been tremendous
progress in both basic polymer science and translation into
biomedical applications, there remain many unsolved chal-
lenges that can potentially be addressed with new monomers,
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sequences, or polymeric architectures.
Block copolymers (BCPs), polymers with
distinct repeat units connected by covalent
bonds, are particularly interesting as their
behaviors differ from a physical blend of
the homopolymers.

The development of reversible-deac-
tivation radical polymerization (RDRP)
and other polymerizations such as
ring-opening metathesis  polymeriza-
tion (ROMP) with “living” characteris-
tics have enabled chemists to synthesize
BCPs using a single polymerization
by sequential addition of monomer to
a growing polymer chain end. These
advancements in polymer synthesis
have vastly expanded the potential for
polymer structures.}] Polymer with
unique architectures such as block, star,
comb, brush, knot, and cyclic polymers
(Figure 1, upper) have been shown to affect the mechanical
properties of biomaterials and affect administration route,
biodistribution, and cargo loading of polymeric drug delivery
systems.*1% Star polymers with internal hydrophobic blocks
are used to encapsulate poorly soluble drugs, followed by
hydrophilic blocks that ensure hydration and prevent aggrega-
tion."! Star polymers have also been used for imaging and
diagnosis.['¥ Comb and brush polymers have been designed
to contain hydrophobic regions to encapsulate and deliver
paclitaxel,/*®* doxorubicin,** and imaging agents, or to incor-
porate cationic monomers to complex with nucleic acids for
gene delivery applications.['>1¢ Cyclic polymers have longer
circulation times compared to their linear analogs’'”! and
have been used as a multi-macroinitiator in the synthesis of
sunflower polymers for drug and nucleic acid delivery.®18l
Other single-molecule polymeric structures, such as hyper-
branched polymers and dendrimers, have made an impact in
tumor targeting.l>”?)

Some of these polymeric architectures, as well as linear
amphiphilic polymers, allow for self-assembly into supra-
molecular structures.>2] These supramolecular structures
(Figure 1, lower) contain regions of hydrophobicity and
regions of hydrophilicity with controlled sizes that can be
designed by the user to sequester drugs, protect proteins from
the immune system, adsorb to surfaces in the presence of a
stimulus, and perform many tasks not possible with prior
tools. Micelles that contain a hydrophobic core have been
used to store hydrophobic cargo such as chemotherapeutics,
hormones, and imaging agents in both academic and clinical
settings.2l Micellar structures can also utilize stimulus-
responsive bonds to improve the stability of drug-micelle
complexes,??l or crosslinked cores to prolong stability in
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vivo.[?3] Polymeric micelles have medical applications beyond
drug delivery, and have been studied extensively as diagnostic
agents.[2+%]

Polymersomes, bilayer vesicles consisting of polymer
building blocks,?°l have also been used to deliver diagnostic
agents,!?’] hydrophobic chemotherapeutics such as doxorubicin
and paclitaxel,?®l and hydrophilic molecules such as genes?’!
and proteins.?® Polymersomes exhibit prolonged circula-
tion in the body due to diminished opsonization compared to
liposomes and slower kinetics of disassembly below the crit-
ical micelle concentration (CMC) due to the greater molecular
weight of the building blocks.[23132 Stimuli-responsive poly-
mersomes have been developed to increase the precision of
drug release. For example, reduction-sensitive polymersomes
are used for intracellular delivery of cargo in response to higher
intracellular concentrations of reducing agents such as glu-
tathione compared to the extracellular environment.*¥ There
are multiple excellent reviews on stimuli-responsive polymer-
somes with potential stimuli including pH, temperature, redox
potential, light, and others.[3*3¢]

Gels made with polymers with side chains that promote gela-
tion at varied temperatures such as hydroxyethyl methacrylate
(HEMA) or n-isopropylacrylamide (NIPAM) can be made to
be sensitive to temperature and pH.’”! Notably, temperature-
sensitive BCPs with lower critical solution temperature (LCST)
between room temperature and physiological temperature
have been used as injectable materials since they are liquid
upon injection, but can gel within the body.*® This form of
polymeric system is used in a FDA-approved platform for sus-
tained drug delivery.”l Additionally, self-assembled structures
can be aggregated to form larger, irregular structures. One such
example is that of micellar agglomerates which start as a mul-
timodal population of nanoscale micelles, but after an increase
in temperature, undergo a phase transition forming macroscale
gels.[3%

In these applications, the polymer behavior is often
manipulated by modifying the polymer side chains and not
the polymer backbone. While the monomer side chains of
BCPs heavily dictate the behavior and properties of BCPs, the
polymer backbone can also be used to impart biodegradability,
reactivity,*"! as well as other behaviors and properties that cannot
be achieved by changing the monomer side chains. For example,
the polymer backbone of guanidinum side chain containing
polymers has been shown to affect the cellular uptake of small
interfering RNA (siRNA) and proteins differently.*!) Addition-
ally, some approaches to synthesize backbone-segmented BCPs
allow for the inclusion of stimuli-responsive moieties between
polymer blocks.[*243]

The ability to segment the BCP backbone into different
repeats is a powerful tool to further engineer the behavior and
properties of polymeric materials. Because a polymerization is
multiple turnovers of the same reaction, it results in a repeti-
tive backbone structure. For example, radical polymerization of
vinyl groups results in an aliphatic backbone and ring opening
polymerization of cyclic electrophilic monomers results in a
backbone with electrophilic repeats.

One effective approach to achieve BCPs with segmented
backbone structures is to employ more than one polymerization.
To date, there have been many developments in these dual
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polymerization approaches, but these developments have not
been widely adopted as strategies to address the unique con-
straints and requirements of polymers used in biomedical
applications. For this review, dual polymerizations include any
approaches that use more than one unique polymerization,
even if the polymer is isolated between polymerizations. We
highlight useful synthetic strategies to facilitate the exploration
of backbone-segmented BCPs in biomedical applications. Even-
tually, further developments in polymer synthesis will enable
more feasible permutations of backbones and side chains,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Linear block copolymer self-assembly in aqueous solution

Hydrophilic

Hydrophobic

Unimer Micelle Vesicle (Polymersome) Gel
Single-molecule architectures
Star Cyclic Comb Brush

Figure 1. Diagrams of polymer structures often used for biological applications. Above, amphipathic polymers are capable of forming supramolecular
structures including spherical micelles, vesicles, and gels. Below, single-molecule structures including stars with various numbers of arms, cyclic
polymers, comb polymers, and brush polymers have been used with success for the delivery of therapeutics and diagnostics. More complex structures
can be achieved, for example, comb polymers with cyclic backbones or micelles formed from star polymers, by combining multiple structures in the

design of a biomaterial.

expanding the potential repertoire of highly engineerable mate-
rials for biomedical applications.

In this review, we focus on syntheses of backbone-segmented
polymers by the use two or more polymerization systems. We
start with a description of BCPs and their applications, followed
by an overview of each polymerization method individually,
and then a survey of different polymerizations that have been
combined in the synthesis of unique BCPs. Although viable
options for synthesizing BCPs, polymer—polymer couplings
and conjugation with poly(ethylene glycol) exceed the scope of
this review.

2. Controlled Polymerizations

A Drief summary of the monomer scope and advantages of
each polymerization is provided in Figure 2.

2.1. Atom Transfer Radical Polymerization (ATRP)

ATRP is a proven strategy for the precision synthesis of poly-
mers for biomaterials.*! ATRP is a RDRP technique pio-
neered by Wang and Matyjaszewski in 1995 that utilizes a
transition metal complex to reduce the number of active chain
ends in solution.’”] ATRP is well studied and developed for
broad monomer scope and tunable kinetics,*®! and results
in a non-biodegradable polymer backbone whose behavior
can be dictated by the monomer side chains. Many function-
alized methacrylates and acrylates compatible with ATRP
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are commercially available. Additionally, methacryloyl chlo-
ride and related compounds are also commercially available,
allowing for in-house synthesis of custom monomers. For
example, cyclodextrin-functionalized methacrylates have been
made for ATRP./l Commercially available compounds such
as o-bromoisobutyryl bromide allow for synthesis of custom
initiators.

ATRP has three potential drawbacks for biomedical applica-
tions. One drawback is that ATRP has limited functional group
tolerance. Vinyl monomers with charged side groups are dif-
ficult to polymerize by ATRP. ATRP can be successful in water,
but must be carefully designed to control initiation and mini-
mize catalyst degradation.*®*%l Another drawback is that the
aliphatic polymer backbone is not biodegradable. One final
drawback is that the residual levels of copper in polymers made
by ATRP may be toxic at concentrations as low as 5 ppb.’% To
mitigate this last drawback, there have been many advances
over the past 20 years minimizing the use of copper in ATRP
including reverse ATRP, activators regenerated by electron
transfer (AGET) ATRP, initiators for continuous activator
regeneration (ICAR) ATRP, supplemental activators and
reducing agents (SARA) ATRP, electrochemical ATRP (eATRP),
photoinduced electron transfer ATRP, organocatalyzed ATRP,
and sonication-induced ATRP.[*5! Reverse ATRP and eATRP
are mentioned later in this review. Unlike conventional ATRP,
in which Cu(l) is introduced to initiate the polymerization, in
reverse ATRP and eATRP, Cu(lI) is reduced in situ to produce
Cu(I). In reverse ATRP, a thermal radical initiator is used to
reduce Cu(Il) to Cu(l); in eATRP, electrodes can be used to
reduce the copper, resulting in the active species.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Brief summary of the properties and composition of polymers synthesized by ATRP, RAFT, ROP, and ROMP.

2.2. Reversible Addition-Fragmentation Chain Transfer (RAFT)

RAFT is a robust polymerization strategy for a wide variety
of vinyl monomers. RAFT maintains a low concentration of
active chain end species by degenerative transfer onto a chain
transfer agent (CTA).”? Since its introduction by Chiefari et al.
in 1998,53 RAFT has been widely adopted for the synthesis of
polymers for biomedical applications due to its wide functional
group tolerance, tunable kinetics, and ease of use. Similar to
ATRP, RAFT results in a non-biodegradable polymer backbone
whose behavior can be dictated by the monomer side chains.
RAFT can be used to polymerize methacrylates, acrylates, meth-
acrylamides, acrylamides, vinyl esters, and vinyl amides.”*
Methacryloyl chloride and related compounds are commer-
cially available starting materials for the synthesis of custom
RAFT monomers. Additionally, many CTAs are commercially
available. A variety of polymer structures can be obtained by
RAFT polymerization® and RAFT polymers have been used in
biomedical applications.>%

Of the three drawbacks mentioned for ATRP, RAFT
overcomes both the limited functional group tolerance and
the use of a copper catalyst. Due to the broad functional group
compatibility of RAFT, monomers with polar side chains can
be polymerized in aqueous and organic solvents. RAFT has
been used to polymerize monomers with pendant biomol-
ecules.’’% RAFT polymerization has been performed on the
surface of biologics, including living cells,®¥ and has been
shown to work in complex solvents like wine.[*!] Additionally,
RAFT polymerizations do not use a metal catalyst, eliminating
the need for metal removal and further purification.

While the use of RAFT CTAs over ATRP has its advantages,
it comes with its own limitations. RAFT CTAs are expensive to
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purchase and difficult to synthesize. Additionally, some CTAs
are hydrolytically unstable.[?

2.3. Ring Opening Polymerization (ROP)

ROP is a diverse class of polymerizations for cyclic electrophilic
monomers such as N-carboxyanhydrides (NCAs), lactides, lac-
tams, polycarbonates, and related compounds. Aside from water-
sensitive condensation reactions, ROP is the most common
way to synthesize polymers with biodegradable polyester or
polyamide backbones. Biodegradability, and the subsequent
potential for biocompatibility has led to the use of ROP-synthe-
sized polymers in many biomedical applications.[3]

The synthetic approaches to ROP are more varied than the
previously mentioned polymerizations. ROP can be catalyzed
by acids, bases, organometallic complexes, and enzymes.[**70
Because alcohol and amine groups are common nucleo-
philes used to initiate ROP, drugs with these heteroatoms
can be used to initiate ROP. For example, regioselective acti-
vation of a hydroxyl group in paclitaxel can be used to initiate
ROP of lactide.”! Polylactones, polylactides, and poly-NCAs/
polypeptides are common in biomedical applications due to their
biocompatibility and biodegradability. Blocks of ROP polymers
are commonly used to make up the core of self-assembled struc-
tures since high molecular weight polyesters are hydrophobic.

However, ROPs have limited functional group tolerance.
Because ROPs require a nucleophile to open the ring of the
electrophilic cyclic monomers, other heteroatoms like water
or free alcohols can interfere with the polymerization, making
polymerization difficult in some laboratory conditions. This
sensitivity also makes functionalizing ROP monomers difficult;
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it is more common to functionalize the side chains postpoly-
merization, however specific chemistries are required to affect
efficient functionalization of ROP polymer side chains.l"?

2.4. ROMP

ROMP of strained cyclic monomers is a useful strategy for the
synthesis of functionalized polymers. Many different transitional
metal metathesis catalysts have been developed, each with its own
advantages, but it was the commercial production of ruthenium-
based metathesis catalysts that made ROMP feasible for bioapplica-
tions due to its functional group tolerance.”>”* ROMP backbones
are olefinic and often hydrophobic, but the olefins can be fur-
ther reacted to make the polymers biodegradable; for example,
the olefins in the ROMP backbone of poly(oxanobornene) were
reacted to make alginic acid mimics.*¥) ROMP has broad func-
tional group tolerance and has been used to make polymers with
peptides, imaging agents, and therapeutics.”>~7")

Due to use of Ru catalysts for ring closing metathesis in
commercial pharmaceutical synthesis, there has been exten-
sive work in modifying Grubbs’ ruthenium-based catalysts for
metatheses in aqueous and organic solvents.882 Additionally,
there are many commercially available ROMP monomers and
catalysts. Custom ROMP monomers can also be synthesized
by thermally cracking commercially available dicyclopenta-
diene, and reacting cyclopentadiene with functionalized alk-
enes, resulting in a functionalized norbornene molecule. Ru
ROMP catalysts are often extremely active and can be used to
polymerize macromonomers with both synthetic polymers and
large bioactive molecules as side chains.l*#3]

There are two main disadvantages to ROMP. First is that Ru
transition metal complexes are toxic, and thus the International
Conference on Harmonization guidelines limit permissible
ruthenium exposure.® While there has been recent advances
in ruthenium purification, these strategies are energy inten-
sive.B%82 Another drawback is that commercially available

Section

4.1.1

www.advhealthmat.de

catalysts for ROMP are expensive. This problem is compounded
by the fact that unlike the ring closing metathesis commonly
used by the pharmaceutical industry, in ROMP, the [Ru] species
acts as the initiator and is thus attached to the polymer chain,
preventing it from being easily recycled in a catalytic cycle.

3. Strategies for Dual Polymerizations

Developments in RDRPs and other living polymerizations
have made sequence-controlled synthesis of BCPs easier by
allowing one-pot techniques such as sequential monomer addi-
tion. Employing multiple polymerizations for the synthesis
of segmented backbone polymers offers an additional level of
control over polymer behavior and characteristics. For example,
combining hydrophobic biodegradable poly(lactic acid) with
hydrophilic non-biodegradable poly(HEMA) may confer new
pharmacokinetic properties to the polymer. This section
reviews works that use two or more different polymerizations
in the synthesis of a single material and is organized by three
main approaches: 1) the use of orthogonal polymerizations
(often in a single pot); 2) postpolymerization functionalization
with a new initiator motif; 3) postpolymerization functionaliza-
tion with a new monomer motif.

Figure 3 has a schematic road map for using dual polymeri-
zations to synthesize BCPs with different architectures.

3.1. Orthogonal Polymerizations in One Pot

One approach to the synthesis of BCPs is the use of two or
more orthogonal polymerizations. A successful pairing of two
orthogonal polymerizations for the synthesis of BCPs allows a
one-pot polymerization and removes the need for intermediate
deprotection or purification. However, orthogonal polymeri-
zation systems must be carefully selected as the reagents and
conditions necessary for one polymerization may interfere

43.1

(TyMp

4.1.2

Figure 3. Schematic road map for using dual polymerizations to synthesize BCPs with different architectures.
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with or initiate the second polymerization, resulting in loss of
polymerization control. For example, small levels of acrylates
can undergo chain transfer with the ROMP catalyst;® some
CTAgapr are susceptible to aminolysis and may be incompat-
ible with the use of strong bases or substituted amines, both of
which are commonly used for ROP and the latter of which are
used as ligands in ATRP.[62]

The use of orthogonal polymerizations can be further broken
down into two approaches. The first approach involves the use
of a single difunctional initiator I,~Iy in which I, only reacts in
polymerization system A and I only reacts in polymerization
system B. As there is a thorough review on this topic published
in 2006, this section focuses on developments in this approach
since 2006.[86]

The second approach involves the polymerization of an
inimer M-Iz, a monomer that contains both the mon-
omer motif for polymerization A (M,) and an initiator motif
for polymerization B (Ig); initiator Iy does not polymerize
monomer M, and only polymerizes monomer My in a subse-
quent polymerization.

3.1.1. The Use of a Single Difunctional Initiator |,—Ig

ROP-RAFT Initiator—Chain  Transfer Agent Ipop—CTAgpapr
(Inifers): Combining ROP with radical polymerizations is useful
for biomedical applications. ROP can be used to make biode-
gradable blocks, while the radical polymerization can be used to
make stable blocks for prolonged circulation. Many difunctional
ROP-RAFT inifers (Irop—CTAgapr) in which one end contains
an alcohol or amine (Izpp) and the other contains a trithiocar-
bonate, dithiobenzoate, or xanthogenate (CTAgapr) have been
used to make block copolymers. These inifers have been used
to copolymerize a variety of vinyl monomers with many cyclic
ester monomers with dispersities lower than 1.1.87°U These
polymerizations can be done in one pot, simultaneously or
sequentially, suggesting that the polymerizations are orthog-
onal. The incorporation efficiency of RAFT monomer and ROP
monomer into the final polymer can be adjusted by changing
the monomer feed ratio or catalyst loading. Additionally, this
strategy has been used to incorporate thiols in the RAFT chain
and subsequently attach biologically relevant molecules for cell
adhesion or metal chelators for imaging applications.®l

Due to the relatively low reactivity of the alcohols and the
mild conditions for RAFT, water and free alcohols do not sig-
nificantly hydrolyze CTApspr within the timeframe of the
polymerization. In fact, some common RAFT monomers have
pendant alcohol groups. Unlike alcohols, however, primary
and secondary amines must be protected as they are reactive
enough to aminolyze the CTA under common polymeriza-
tion conditions, leading to early irreversible termination of the
RAFT chain end and poor control over molecular weight distri-
bution.®?] Zhang and co-workers used an inifer (Igop—CTAgaFr)
for amine-initiated ROP of N-carboxyanhydride and RAFT
of NIPAM and found their polymerization resulted in block
copolymers of lower dispersity if the ROP-initiating amine was
protected during RAFT."2

ROP-ATRP Difunctional Initiators Ipop—Iarrp: Many difunc-
tional ROP-ATRP initiators (Igop—Isrrp) in which one end
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contains an alcohol or amine (Izop) and the other contains a
substituted halide (Ixrgp) have been used to make block copoly-
mers.[”>% These polymerizations can be done simultaneously
or sequentially in a single pot, making it an attractive option in
the synthesis of block copolymers. This combination is robust
and synthetically accessible as o-bromoisobutyryl bromide
and related compounds are commercially available and can
be reacted with multivalent alcohols to synthesize Izop—IaTrp-
Because these conjugation reactions can be carried out under
mild conditions, stimuli-responsive linkages can also be incor-
porated. For example, Igop—Izrgp connected by a disulfide
linkage was synthesized by coupling chemistry and used to
grow p(lactic acid)-block-p(oligo(ethylene glycol) methacrylate)
(p(LA)-b-p(OEGMA) (Figure 4).°”) The amphiphilic polymers
were used to make micelles which were found to be nontoxic
to HeLa cervical cancer cells and, upon introduction of dithio-
threitol, cleave at the disulfide linkage that covalently bound the
hydrophobic and hydrophilic blocks, resulting in disassembly
of the micelle.

One interesting application of Izop—Isrgp is the incorporation
of a radical generator in the middle of a difunctional initiator.
Chang and co-workers showed simultaneous ROP and reverse
ATRP by the use of an Izgp—azo-Izep initiator in which the azo
bond disassociates upon heating and produces two active rad-
ical chains.®® The addition of Cu(II) allowed the control of the
radical chain end via reverse ATRP and resulted in polymers
with lower dispersity when compared to the polymerization
done without Cu(II). When the reaction is heated to 90 °C,
only the reverse ATRP polymerization proceeds. But heating
the polymerization to >110 °C in the presence of the Sn(oct),
resulted in simultaneous ROP and reverse ATRP.

As mentioned in the ROP-RAFT section, there are potential
concerns of reagents in one polymerization negatively affecting
the second polymerization. However, it is also possible to use a
single nonmonomer reagent for both the polymerizations. We
found this to be common for the ROP-ATRP combination. For
example, a tin species can be used both as a catalyst for ROP
and a reductant for copper in reverse ATRP;® a substituted
amine can be used both as a catalyst for ROP and a ligand for
copper in ATRP.0101 The use of shared substituted amines
between ROP and ATRP has also been demonstrated when the
ROP was mediated by lipase Novozym 435.0021 N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDETA) and 4,4’-dinonyl-
2,2’-dipyridyl (dNbpy), common copper ligands in ATRP, can
also be used to coordinate metal ions in solution which would
otherwise coordinate to the histidine in the lipase active site
and prevent the enzyme-catalyzed ROP.

In a particularly interesting use of enzyme-mediated ROP,
Meijer and co-workers used Novozym 435 to make an enan-
tiomerically rich p((S)-4-methyl-caprolactone).l% (S)-caprol-
actone was found to be more active toward polymerization by
Novoyzm 435; to prevent the (R) enantiomer from polymerizing
at low concentrations of (S)-caprolactone, a Ni species was
intentionally introduced into the polymerization to deactivate
the lipase to prevent polymerization of the less active enanti-
omer once most of the (S)-caprolactone was polymerized. The
Ni species also acted as a reductant for subsequent ATRP.

ATRP-RAFT Inifers Iyrpp—CTApspr: Difunctional ATRP-
RAFT inifers have been synthesized and used to perform
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Figure 4. ROP/RAFT from a single difunctional initiator. The polymer has been used to make stimuli-responsive micelles. Reproduced with permis-

sion.’’l Copyright 2011, American Chemical Society.

simultaneous and sequential ATRP and RAFT. These difunc-
tional inifers have been made with a stimuli-responsive linker
which upon application of the specified stimulus can result in
cleavage of the diblock copolymer. Thiol/redox sensitive difunc-
tional inifers connected by a disulfide linkage have been used to
make polymeric micelles with sheddable coronas; these polymers
have been used for more efficient gene transfection of neurons
when decorated with the Tetl peptide.*l Acid-cleavable diblock
copolymers have also been made with the potential for applica-
tion in nanofabrication and stimuli-responsive micelles.*’!

Because ATRP and RAFT both require the generation of a
radical active chain end which is often mediated by a third spe-
cies, there is significant potential for overlap; the use of a single
organic photocatalyst for photoinduced electron transfer RAFT
(PET-RAFT) and organocatalyzed ATRP (O-ATRP) has recently
been published.l'%*1%5] The RAFT/ATRP combination has even
been used to polymerize the same monomer.'% Despite their
similarities, however, difunctional I,rp—CTAgapr inifers can
be used to polymerize different monomers on their respective
chain ends. For example, pairs such as acrylate/styrene and
methacrylate/acrylate have been used to make BCPs with ATRP
and RAFT [4243,104-107)

ROMP-ATRP Igomp—Iargp: The main consideration when
employing ROMP-ATRP is the difference in polymerization
kinetics between the two approaches. Because ROMP is gener-
ally much faster than any other living polymerization, ROMP
must be slowed down in dual polymerizations by the addition
of bulky monomers or low ring strain monomers. An active
ROMP chain end with no ROMP monomer available can result
in chain transfer which results in sequence scrambling and
high dispersities. If this condition is met, it is possible to do
dual ROMP-ATRP. In one example, a modified Grubbs cata-
lyst (Iromp—IaTrp) Was used to synthesize poly(butadiene)-block-
poly(methyl methacrylate).'%8]
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3.1.2. Polymerizing an Initiator Monomer My—Ig (Inimer)

In this section, we review the use of an inimer (M—Ig) in which
a single molecule has a monomer motif polymerizable in poly-
merization A (M,) and an orthogonal initiator motif that does
not react in the first polymerization (Ip). These pendant ini-
tiators (Ig) can be used to initiate subsequent polymerizations.
This approach often results in a polymer with many initiating
side chains, making it an attractive method to synthesize poly-
mers with unique architectures. In all the examples described,
while the first polymerization used for inimer M, varied, the
pendant initiator (I5) was almost always Irpp.l1*199-114 This
may be because I gp-functionalized monomers are easy to syn-
thesize for the reasons described previously. To our knowledge,
there are no examples of a monomer containing a pendant
CTAgapr for subsequent RAFT, perhaps due to the relative cost
and synthetic complexity of CTAgapr compared to Iygp.

The inimer approach has been used to make dendritic nano-
particles. Guan and co-workers synthesized a hydrophobic core
which was first synthesized by chain walking polymerization of
ethene and a vinyl-functionalized ATRP initiator.''% ATRP was
then used to grow a hydrophilic block with OEGMA which was
terminated with a N-hydroxysuccinimide (NHS) ester-func-
tionalized acrylate. The terminal NHS was used to conjugate
fluorescein and ovalbumin to demonstrate bioconjugation and
the potential for this system in biomedical applications such as
protein delivery and imaging.

Bottlebrush polymers with high grafting densities can also
be synthesized by the inimer approach. In one example, RAFT
was used to copolymerize a styrene and a maleimide-con-
taining monomer, the latter of which was functionalized with
both Ipop and Ixrgp for their respective polymerizations.'l In
a different approach, a norbornene monomer functionalized
with an Izop and an Irpp were polymerized by ROMP and
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Figure 5. RAFT/ATRP combination by polymerizing an inimer. This approach has been used to reinforce gels with a second polymerization. Reproduced

with permission.['? Copyright 2018, American Chemical Society.

then ROP and ATRP were subsequently initiated off the side
chains.'®! The order of polymerization using this inimer can
also be switched.[''!]

The inimer approach has also been used to make structurally
tailored and engineered macromolecular gels whose material
properties can be modified by the application of a site-specific
stimulus.''?l Matyjaszewski and co-workers copolymerized
an acrylate, a diacrylate, and an acrylate inimer Mgapr—IaTrp
by RAFT, resulting in an initial gel. The gel was then dried
and subsequently soaked in a dimethylformamide solution of
copper and ATRP monomer. The gel was then irradiated to ini-
tiate ATRP from the pendant Iygp. A wide variety of monomers
were used and yielded segmented materials with hard and soft
regions with different hydrophobic character, depending on
which sections were irradiated for ATRP (Figure 5).

In another example, three different controlled radical poly-
merization mechanisms were combined by the inimer approach.
A (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)functionalized
acrylate and an Iprgp-functionalized acrylate were polymerized
by RAFT. The pendant initiators were then subsequently initi-
ated, forming bottlebrush structures.!''3]

3.2. Postpolymerization Modification with I

Polymers can be further modified postpolymerization by con-
jugating a new initiator (Ip) to the polymer chain end or on
monomer side chains. If a new initiator were conjugated onto
the chain end, a block copolymer could be synthesized; if a new
initiator were conjugated onto a monomer side chain, a comb
or bottlebrush polymer could be synthesized. In this section,
we review works that use postpolymerization functionalization
of a polymer with a new initiator motif or use secondary reac-
tions to activate a latent initiator into an active one.
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3.2.1. Postpolymerization Functionalization/Activation with New Ig

Postpolymerization Functionalization with I rgp: Pendant alco-
hols on monomer side chains or chain ends can be easily func-
tionalized to form an Inpgp.B11712% Commercially available
o-bromoisobutyryl bromide can be reacted with the pendant
alcohols of a polymer at room temperature for a few hours with
excess triethylamine with good conversion. One limitation of
postpolymerization functionalization by this method is that
a hydrophilic polymer may not be soluble in suitable organic
solvents like tetrahydrofuran or dichloromethane. In this case,
an inimer as discussed in the previous section is a suitable
alternative.

Pendant I,rgp has been used to make block copolymers and
bottlebrush polymers with low dispersities. In one example,!'”!
beta-cyclodextrin alcohols were used to initiate ROP of caprolac-
tone. The hydrophobic polycaprolactone block was capped with
an ATRP initiator to polymerize a second, amine containing
cationic block (Figure 6). These cationic cyclodextrin-based star
polymers could deliver nucleic acids to R264.7 cells, a macro-
phage cell line, with similar efficiencies as commercial agent
Lipofectamine with comparable or decreased toxicity. A similar
strategy of conjugating Ixrrp to chain ends was used to develop
triblock materials which form gels at physiological temperature
for potential injectable administration.*20]

Another approach is to functionalize a ROMP polymer chain
end with an Ixrpp by terminating ROMP with a symmetric cis-
alkene with an I yrgp.["?!] Additionally, an asymmetric vinyl ether
functionalized with an Ixrgrp can be used to cap the polymer;
however, it was found that this is not as efficient because there
is a probability that the chain end is functionalized with the
vinyl ether group as opposed to the Ixrgp.

Postpolymerization Functionalization with a CTAgapr: The
RDRP of a monomer that also contains a pendant CTAgapr
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Figure 6. ROP/ATRP by end capping a polymer with a new initiator. This
approach has been used to make carriers for gene delivery. Adapted with
permission.["l Copyright 2018, Wiley-VCH.

risks generating a hyperbranched structure and thus is difficult
to use in the synthesis of block copolymers. However, it is pos-
sible to functionalize the polymer side chains and chain ends
with CTAgpr after the initial polymerization. In one example,
Bolton and Rzayev use RAFT to copolymerize a methacrylate
with a pendant Ijrpp and a methacrylate with a protected
alcohol.l After 1,rgp was used to grow some side chain poly-
mers, the protected alcohol was deprotected postpolymerization
and used to conjugate on CTAgupy for subsequent RAFT.

Postpolymerization Functionalization/Activation with/of Irop:
One common approach to the synthesis of polypeptides is the
ROP of NCA initiated by a primary amine. There is a more
detailed review specifically on the synthesis of biohybrid block
copolymers, 1?2 but this section highlights the use of dual
polymerization for the synthesis of peptide—polymer copoly-
mers. Due to the high heteroatom content of NCAs which
may be incompatible with other polymerization methods, it is
common to use other polymerizations first, followed by ter-
minal functionalization with an amine for subsequent ROP of
NCA monomers. This strategy was utilized in the development
of nontoxic pH-responsive micelles which release prednisone
more quickly at low pH.[123]

There are many ways to functionalize different polymer
chain ends with amines.>124 Specifically for polymers syn-
thesized by ATRP, the halide on the polymer chain end can
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be a useful reactive site for the introduction of amines. One
approach is to replace the halogen chain end of ATRP with an
amine and use that to directly initiate ROP of NCA. The use of
a multivalent amine allows for the synthesis of miktoarm star
polymers.[12>126] Brzezinska and Deming further reacted their
amine terminated polymer to incorporate a nickelacycle end
group which was then used to initiate a ROP of NCA.[%7]

A difunctional initiator that contains a protected amine may
also be used. After the first polymerization, the amine is depro-
tected and used to initiate ROP of NCA. As discussed above,
an unprotected amine can result in higher polymer dispersities
due to RAFT CTA aminolysis,®?128 or act as a ligand for Cu
and will interfere with ATRP.

Postpolymerization Functionalization/Activation with/of Iponp:
While it is more common to perform ROMP before other
polymerizations, it is also possible to conjugate on an Igyp for
subsequent ROMP via cross metathesis.?%! Metal-free ROMP
(ME-ROMP), an organic photoinduced method for ROMP, has
also been shown to be amenable to subsequent polymerization.
Because MF-ROMP can be initiated by vinyl ethers, latent vinyl
ethers such as allyl ethers can be easily isomerized postpolym-
erization to yield the new active initiator. In one example, sty-
rene was copolymerized with allyl ether-functionalized styrene
by ATRP.I3 After polymerization, the halide chain end was
removed and the allyl ether was isomerized to the active vinyl
ether form and used to initiate MF-ROMP.

3.2.2. In Situ Modification of Latent Ig

In Situ Modification of a Polymerization to Prevent Chain
Transfer: ROMP and ROP result in the ring open form of the
monomers which have similar reactivities to their starting
monomers and thus chain transfer can be a common problem.
Chain transfer results in scrambling of the polymer sequence
and makes synthesis of block copolymers difficult. For ROMP,
unfunctionalized norbornene is never used in the synthesis of
block copolymers due to high rates of chain transfer. Living
polymerizations with ROMP typically use norbornenes with
pendant maleimides or other groups that have been shown to
be too bulky or electron deficient for chain transfer.

With regards to ROP, polymerizations of cyclic monomers
exist in some ring-chain equilibrium, high thermodynamic
drive for the linear ring open form is necessary to prevent intra-
molecular chain transfer or macrocyclization. One approach to
polymerize low ring strain macrolactones is to use extremely
strong bases to compensate for the lack of enthalpic drive to
open the ring. However, this poses a problem for the synthesis
of block copolymers as strong bases also catalyze intra- and
intermolecular chain transfer via transesterification, scram-
bling the polymer sequence. One strategy that has eliminated
transesterification-induced sequence scrambling when copoly-
merizing low and high ring strain lactones is to first polymerize
low ring strain macrolactones with a strong base, quench the
active chain, and subsequently reinitiate the polymerization of a
higher ring strain monomer with a weaker base.'3!l The weaker
base could be used to polymerize higher ring strain lactones
but did not induce transesterification and the block copolymer
sequence was preserved.
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In Situ Modification of a Polymerization to React New
Monomers: Some polymerization systems such as RAFT have
monomers of such disparate reactivities that a single chain
end cannot be used to polymerize both the monomers. For
example, the same CTAgapr cannot be used to polymerize
electron deficient vinyl acetates with more electron rich meth-
acrylates. Although these differences in monomer reactivity
may limit the ability to synthesize statistical copolymers, they
can be exploited to synthesize block copolymers. Thang and co-
workers developed a switchable CTAg,pr that can polymerize
either methacrylates or vinyl acetates depending on its charge.
A protonated pyridinyl dithiocarbamate, which polymer-
izes electron rich methacrylates, can then be deprotonated by
dimethylaminopyridine (DMAP) to polymerize electron defi-
cient vinyl acetates. While control of these polymerizations
varied, some copolymerizations achieved dispersities as low as
1.1 in a single pot.[132!

In situ modification of ROPs has been used to make
well-defined block copolymers. In situ modification of a
ROP iron catalyst allows for orthogonal ROP of epoxides
and lactides. By switching the oxidation state of the Lewis
acid catalyst either chemically’33 or electrochemically,'3*
poly(cyclohexane oxide)-block-polylactide was synthesized in
a single pot. In situ modification of a ROP chain end can be
used to synthesize block copolymers of different cyclic ester
monomers. The different reactivities of carbonates, lactones,
and lactides in ROP prevent the use of a single active chain
end for copolymerization. Guo and co-workers developed
a combination of different acids and bases to controllably
switch the chain end and monomer reactivities to catalyze the
ROP of different cyclic ester monomers.[3* In one system,
Guo and co-workers combined the use of their pH-switchable
ROP and the work by Thang and co-workers with pH-switch-
able RAFT CTAs.I'3¢] With this system, these one-pot poly-
merizations can be taken to nearly quantitative conversion
in the synthesis of tetrablock copolymers with well-defined
blocks of low dispersities.

The Use of Light-Controlled Orthogonal Polymerizations: Light-
controlled polymerizations allow activation and deactivation of
a polymerization with temporal and spatial control. Often, these
systems pair an initiating motif with an appropriate photocata-
lyst which generates an acid or radical to initiate the polym-
erization upon excitation by light.'¥”] Because of the many
permutations of unique photocatalyst/initiator pairs, the use of
different wavelengths to initiate different polymerizations can
be a powerful technique in dual orthogonal polymerizations.
However, despite this potential, there have been few examples
of this to date, perhaps due to limitations such as functional
group incompatibility, limited mutual solubility, or poor control
over molecular weight.

One approach is the use of a single switchable catalyst that
behaves differentially in response to different wavelengths
of light. The use of a one-pot sequential polymerization of
two monomers has also been explored with cationic-RAFT
polymerization.3813% In one particularly interesting example,
Fors and co-workers were able to use different wavelengths
of light to switch between pyrylium-catalyzed cationic poly-
merization of vinyl ether or Ir(ppy)s;-catalyzed polymeriza-
tion of methyl acrylate in a single pot.'*" In another example,

Adv. Healthcare Mater. 2019, 8, 1800861 1800861

www.advhealthmat.de

550-750 nm light was used for the polymerization of methyl
methacrylate and 350-380 nm light was used for photoacid
generation for ROP.[1*1

3.3. Postpolymerization Modification with a New
Monomer Motif M;

This approach polymerizes a macromonomer, a polymer
functionalized with a monomer motif My that only reacts in
a subsequent polymerization (P,—Mg). This “graft-through”
approach results in a bottlebrush polymer. There are two gen-
eral strategies to synthesize a macromonomer. One approach is
to polymerize M, from an inimer 1,—Mg, resulting in P,—Mp.
Another strategy is to conjugate My onto the polymer chain end
or a monomer side chain postpolymerization.

Because of the high enthalpic drive toward norbornene
polymerization and the high activity and functional group toler-
ance of the Grubbs metathesis catalysts, “graft-through” ROMP
is a powerful strategy in the synthesis of bottlebrush polymers.
Grubbs’ catalyst has been shown to graft-through macromono-
mers as large as 8.7 kDa; smaller macromonomers with mole-
cular weights of 2.2 kDa can be polymerized with degrees of
polymerization (DPs) reaching upward of 4000.'42141 ROMP
has been used to polymerize branched macromonomers with
two pendants polymers, forming bottlebrush polymers.[1+143]
ATRP of methacrylate-capped poly(ethylene oxide) macromono-
mers has also been shown to result in polymers with DPs as
high as 400.[14¢]

3.3.1. Macromonomer Synthesis Starting from 1,—Mg

Macromonomer synthesis from an inimer starts similarly to
the examples in Section 3.1.2. However, instead of first poly-
merizing the monomer and then growing a second polymer off
the pendant initiator, the order is reversed. In this approach,
a polymer is first grown off the initiator I, and then a second
polymerization is used to “graft through” the pendant monomer
(My).

There are many papers that use a CTAgspr—Mpowmp to make
bottlebrush polymers, some of which are done in a single
pot.[8>145.147-150] Tpy these papers, RAFT is first used to make
linear macromonomers (Prapr—Mgromp). The norbornene
moiety (Mp) is then used to “graft through” with ROMP
(Figure 7). However, one limitation with a one-pot approach
to RAFT-ROMP polymerization is that it is important to
purify away residual acrylates, as the cross metathesis of
the active ROMP chain end with the acrylate results in early
irreversible termination.[®! These findings have been cor-
roborated and in fact used to functionalize ROMP polymer
chain ends with acrylates.'?11511 Modified Grubbs metath-
esis catalysts have also been used in cyclopolymerizations
of 1,6-heptadiene macromonomers with polycaprolactone
tails.[1>2]

In a similar approach, alcohol-functionalized norbornene
(Irop~Mpomp) was first used for ROP of lactides and the
resulting macromonomer was “grafted through’ with
ROMP.[133]

(10 of 14) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. RAFT/ROMP by polymerizing a macromonomer. Reproduced with permission.*”] Copyright 2015, Elsevier Ltd.

3.3.2. Macromonomer Synthesis by Postpolymerization
Functionalization of Polymer

Instead of starting with an inimer (I,—Mjp), the monomer motif
can be functionalized onto the polymer postpolymerization. In
one example, azide—alkyne click chemistry was used to conju-
gate Mypopp onto a polymer and then ROMP was used to “graft
through” to create bottle brush polymers with dispersities of
<1.1.1%4153] Other high efficiency reactions, such as NHS ester
transesterification, have been used to conjugate Myoyp onto a
polymer chain end.'* This strategy was used in the develop-
ment of a delivery system for doxorubicin, a small molecule
chemotherapeutic.

For an example with a condensation polymerization,
Alizadeh et al. exploited the same mechanism of their poly-
merization to cap their polymer with a reactive end group.
Poly(p-benzamides) were synthesized by polycondensation. The
phenols of the phenyl esters are good leaving groups and the
aromatic amines can substitute them even at temperatures as
low as =70 °C. While this paper shows chain end functionaliza-
tion with Igpp alcohol, Iggp amine, an ATRP initiator, and even
a click chemistry—compatible alkyne, we wanted to highlight
the chain end functionalization with norbornene for subse-
quent ROMP.[15]

4, Conclusion

Major advances in polymer chemistry in the last quarter cen-
tury have changed the way we conceptualize and synthesize
materials. Specifically, advances in RDRP and other controlled
polymerizations with “living” characteristics have unlocked
many advances in biology and medicine: BCPs of novel archi-
tectures or BCPs assembled into supramolecular structures
can be used for targeted delivery of therapeutics and imaging
agents, and for the development of new biomaterials. We sur-
veyed different strategies employed to synthesized BCPs via
dual polymerizations, categorized into i) use of orthogonal

Adv. Healthcare Mater. 2019, 8, 1800861 1800861

polymerizations (often in a single pot), ii) postpolymeriza-
tion functionalization with a new monomer motif. With this
review, we hope to highlight useful synthetic strategies for the
synthesis of BCPs with segmented backbones to facilitate their
use in biomedical applications. As the field of polymer science
and engineering grows, we expect even more creative ways to
synthesize highly engineered BCPs with any permutations of
backbones and side chains for biomedical applications.

There are many considerations for deciding which poly-
merization to use in the synthesis of a particular block. To
briefly summarize a few important points: ROP can be used
to synthesize polymers with biodegradable backbones but
these polymerizations are sensitive to nucleophilic heter-
oatoms; ROMP has broad functional group tolerance and
can introduce unique reactivity into the backbone but fewer
ROMP monomers are commercially compared to those of
other polymerization systems. Both ATRP and RAFT produce
polymers with nondegradable backbones but there are advan-
tages unique to each. ATRP initiators are more stable toward
aminolysis than CTAgpr and are easier to functionalize onto
a chain end but RAFT does not require removal of the metal
species used in ATRP

Combining multiple polymerization systems further expands
the repertoire of potential materials by increasing diversity in
the available polymer backbones but the drawbacks of each
polymerization determine the optimal sequence of these
polymerizations. For example, because free amines can ami-
nolyze CTAgpary, the RAFT block is usually synthesized before
amine-initiated ROP.[*Y Because ROMP can react with residual
acrylates, ATRP/RAFT blocks are usually done after ROMP.®]
We have included some experimental considerations for dual
polymerization in their respective sections. As each polymeri-
zation system is investigated and improved, more limitations
will be addressed, allowing more of them to be performed in a
single pot.

Of the emerging polymerization techniques, we sus-
pect that the use of light-controlled polymerizations holds
many unexplored synergies with existing strategies for dual

(11 of 14) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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polymerizations. Because these light-controlled polymeriza-
tions can be spatially and temporally controlled, they confer
new degrees of tunability in polymer synthesis with the poten-
tial to expand the complex structures available for use. New
materials with varied monomer characteristics, varied back-
bone characteristics via multiple polymerization techniques,
and varied structural characteristics via temporal and spatial
control of polymerizations will enable polymers to meet the
expanding material needs in medicine.
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Polymeric drug carriers can alter the pharmacokinetics of their drug cargoes, thereby improving drug
therapeutic index and reducing side effects. Understanding and controlling polymer properties that drive
tissue-specific accumulation is critical in engineering targeted drug delivery systems. For kidney disease
applications, targeted drug delivery to renal cells that reside beyond the charge- and size-selective
glomerular filtration barrier could have clinical potential. However, there are limited reports on poly-
mer properties that might enhance kidney accumulation. Here, we studied the effects of molecular
weight and charge on the in vivo kidney accumulation of polymers in health and disease. We synthesized
a panel of well-defined polymers by atom transfer radical polymerization to answer several questions.
First, the biodistribution of low molecular weight (23—27 kDa) polymers composed of various ratios of
neutral:anionic monomers (1:0, 1:1, 1:4) in normal mice was determined. Then, highly anionic (1:4
monomer ratio) low molecular and high molecular weight (47 kDa) polymers were tested in both normal
and experimental focal segmental glomerulosclerosis (FSGS) mice, a model that results in loss of
glomerular filtration selectivity. Through these studies, we observed that kidney-specific polymer
accumulation increases with anionic monomer content, but not molecular weight; experimental FSGS
increases kidney accumulation of anionic polymers; and anionic polymers accumulate predominantly in
proximal tubule cells, with some distribution in kidney glomeruli. These findings can be applied to the
design of polymeric drug carriers to enhance or mitigate kidney accumulation.

© 2018 Elsevier Ltd. All rights reserved.
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Biodistribution
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Polymer
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Glomerular disease

1. Introduction

Polymeric carriers have been applied in drug delivery to
improve circulation time, alter biodistribution, reduce metabolism,
and facilitate cellular internalization of drug cargo [1-5]. The
pharmacokinetics of polymeric carriers and their cargo depend on
polymer properties including molecular weight, dispersity, charge,

* Corresponding author.
E-mail addresses: spun@uw.edu, spun@u.washington.edu (S.H. Pun).
! Equally contributing authors.

https://doi.org/10.1016/j.biomaterials.2018.06.001
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functionalization, and self-assembled size and shape [6—9]. Studies
investigating polymer structure and resulting biodistribution have
mainly focused on exploiting the enhanced permeability and
retention effect for cancer applications [10—12]. However, poly-
meric carriers for kidney diseases remain relatively understudied
despite the clinical potential of such technologies. For example,
targeted drug delivery to glomerular podocytes could improve the
standard of therapy for common glomerular diseases such as
minimal change disease and focal segmental glomerulosclerosis
(FSGS), and drug delivery to tubular epithelial cells may be strategic
for acute kidney injury and polycystic kidney disease treatment
[13,14]. The major challenge is that these cell populations reside
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beyond the multi-layered glomerular filtration barrier, which
comprises the innermost endothelial cells, a middle glomerular
basement membrane, and the outer podocytes.

Given that the glomerular filtration barrier is both size- and
charge-selective, these two parameters are likely critical when
designing drug carriers to target cells past the barrier. Nanoparticle
studies by the Davis group have revealed that gold nanoparticles of
size ~75nm target the kidney mesangium [15], and polycation-
siRNA polymeric nanoparticles accumulate and disassemble in
the anionic glomerular basement membrane [16]. However, the
polymer physical properties required to cross this barrier for kidney
targeting applications remain to be critically defined. Kamada et al.
observed that hydrolyzed poly(vinylpyrrolidone-co-dimethyl ma-
leic anhydride) copolymers of molecular weight approximately
10 kDa were anionic and distributed in kidneys up to 4 days after
administration, with uptake primarily in proximal tubule cells [17].
Similarly, Borgman et al. reported that N-(2-hydroxypropyl)meth-
acrylamide (HPMA) copolymers, functionalized with cyclo(RGDfK)
targeting peptides and anionic penta-carboxylic acid residues,
distributed preferentially in the kidneys compared to the designed
target, tumors, and were retained up to 10 days after administration
[18]. Recently, Bruni et al. reported on a panel of poly-e-capro-
lactone and poly(ethylene glycol) methyl ether methacrylate star
co-polymers (10—27 kDa), which exhibited evidence of kidney
clearance in vivo [19]. While these reports have revealed in broad
strokes that polymers with anionic charge and molecular weight
less than 50 kDa accumulate in the kidneys, a rigorous evaluation of
the individual and combined effects of polymer molecular weight
and charge has yet to be reported.

Advances in controlled radical polymerization techniques have
enabled polymer synthesis with precise control over molecular
weight, dispersity, architecture, and chemical composition [20]. In
this work, we used atom transfer radical polymerization (ATRP) to
synthesize a panel of polymers to examine the effect of anionic
charge density and molecular weight on kidney accumulation and
distribution in mice. We first tested the effect of charge using a
panel of low molecular weight (LMW) polymers, and then exam-
ined the effect of molecular weight in normal mice and mice with
experimental FSGS, a model that results in loss of filtration size-
selectivity and proteinuria [21]. Here, we report that highly
anionic, LMW polymers preferentially accumulate in the kidneys
and are internalized into proximal tubule cells. Conditions of
experimental FSGS enhance accumulation of anionic LMW
polymers.

2. Results
2.1. Polymer panel synthesis and characterization

We synthesized a panel of copolymers with varying ratios of
anionic and neutral monomers by ATRP, with different degrees of
polymerization (Table 1). Importantly, this approach yields well-
defined polymers with tailored anion densities and molecular
weights while keeping other properties constant. The hydrophilic,

Table 1

small molecular weight (~300 Da) monomer oligo(ethylene glycol)
methyl ether methacrylate (OEGMA) was selected, as OEGMA-
based polymers have been shown to exhibit favorable circulation
times, low protein-binding properties, and reduced immunoge-
nicity due to shorter ethylene glycol repeats [22—25]. The second
monomer, tert-butyl methacrylate (tBuMA), yields methacrylic
acids (MAA, anionic in charge) after deprotection. The monomer
tBuMA was selected as an alternative to direct MAA polymerization,
as MAA is insoluble in many organic solvents. Organic ATRP pre-
sents several advantages over aqueous ATRP, and results in poly-
merizations with less synthetic complexity and higher quality
materials.

By varying the ratio of the two monomers and the polymeri-
zation time, p(OEGMA-co-MAA) copolymers with defined OEG-
MA:MAA ratios and molecular weights were synthesized (Table 1
and Fig. 1). Polymers with fixed molecular weight but varying
anionic MAA content (0%, 50%, and 80%) were prepared to test the
effect of charge on biodistribution. Two target molecular weight
ranges were synthesized: low molecular weight (LMW) polymers
of 20—25kDa, and high molecular weight (HMW) polymers of
45—50 kDa. These two molecular weight regimes, which are either
below or approximately at the renal filtration cutoff of ~50 kDa [26],
respectively, were utilized to investigate the effect polymer mo-
lecular weight on kidney distribution. For biodistribution and tissue
distribution analyses, polymers were fluorescently labeled with
Cy3 fluorophore via a stable thioether bond by reduction of the
disulfide bond of the pyridyl disulfide-terminated ATRP initiator
and subsequent reaction with Cy3-maleimide (Fig. 1).

LMW polymers ranged in number average molecular weight
(Mp) from 23 to 27 kDa, and HMW polymers had My, of 47 kDa, as
determined by gel permeation chromatography (GPC). All polymers
exhibited dispersity (P) < 1.5. Within a molecular weight regime,
the MAA monomer fraction during polymerization was varied at
0%, 50%, and 80%, resulting in polymer OEGMA:MAA ratios of 1:0
(homopolymer pOEGMA), 1:1, and 1:4, respectively. Monomer ra-
tios within the copolymers, as determined by 'H nuclear magnetic
resonance spectroscopy (NMR), were in good agreement with the
feed ratios and suggest similar reactivity of the two co-monomers
under the polymerization conditions used (Table 1 and Fig. S1).

2.2. Biodistribution of LMW polymers in normal mice

The effect of polymer charge on kidney accumulation was first
determined by evaluating the biodistribution of LMW 1:0, 1:1, and
1:4 copolymers 7 days post intravenous injection. This time point is
significantly past the circulation half-life of similarly sized poly-
mers (generally t12 <24h) [27,28] and was intentionally selected
to measure organ accumulation. Fluorescence intensities of the
three polymers prior to injection were comparable (Fig. S2). Poly-
mer distribution to major organs (heart, lungs, liver, spleen, kid-
neys) was determined by whole organ fluorescence imaging after
perfusion.

The LMW polymers exhibited a statistically significant
increasing linear trend (p-value < 0.0001) in both kidney and liver

Summary of p(OEGMA-co-MAA) copolymers. Number average molecular weight (M,,) and dispersity (P) values were determined by gel permeation chromatography. Polymer
compositions were determined by 'H NMR. PDS, pyridyl disulfide-functionalized ATRP initiator.

Polymer Composition OEGMA:tBuMA feed ratios OEGMA:tBuMA measured ratios M, (Da) b

LMW 1:0 P(OEGMA76)-PDS 100:0 N/A 23,000 1.125
LMW 1:1 P(OEGMA7p-co-MAA7()-PDS 50:50 1:1.1 27,000 1.140
LMW 1:4 P(OEGMA39-c0-MAA;57)-PDS 20:80 1:35 25,000 1.370
HMW 1:4 P(OEGMA74-co-MAAqs)-PDS 20:80 1:54 47,000 1.400
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Fig. 2. Organ distribution of low molecular weight (23—27 kDa) polymers in normal mice. A. Representative fluorescent images of major organs 7 days after intravenous
administration of PBS or fluorescent polymers. B. Region of interest quantification of tissue fluorescence normalized by tissue weight. All treatments were n = 6. C. Kidney/liver
normalized fluorescent signal ratio. Statistical analysis was performed using a one-way ANOVA with post-hoc Tukey's multiple comparisons test, and a post-hoc linear trend test.

Bars represent means + SEM. *p-value < 0.05.

fluorescence trending with MAA content (anionic charge), with
LMW 1:4>1:1>1:0 (Fig. 2A and B). Preferential kidney accumu-
lation was quantified by normalizing the fluorescent signal in the
kidneys by that in the liver. LMW 1:4 exhibited the greatest kidney/
liver fluorescence ratio compared to other treatments (Fig. 2C). The
distribution of labeled polymers in the kidney was determined by
confocal microscopy. Fluorescence was primarily detected in the
kidney cortex, intracellularly in proximal tubule cells as identified
by morphology and proximity to glomeruli structures (Fig. 3). LMW
1:4 copolymers exhibited the most fluorescent staining as well as
deposition in kidney glomeruli. In further confirmation of the role
of anionic charge on kidney accumulation, N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymers modified with anionic
diethylenetriaminepentaacetic acid chelator (DTPA) exhibited
greater kidney/liver fluorescence compared to HPMA control
polymers (Fig. S3).

2.3. Biodistribution of HMW and LMW polymers in normal and
experimental FSGS mice

We hypothesized that glomerular kidney disease may alter the
polymer accumulation in this organ due to loss of filtration selec-
tivity. As highly anionic LMW 1:4 (80% MAA content) copolymers
exhibited the most fluorescence in the kidneys, HMW 1:4
(M =47 kDa) and LMW 1:4 (M,, = 25 kDa) copolymers were tested
to determine the effect of molecular weight on biodistribution in
normal mice and mice with experimental FSGS. To induce FSGS, a
cytotoxic anti-podocyte antibody that causes podocyte loss was
administered to mice [21]. Damage to glomeruli and disruption of
the glomerular filtration barrier was confirmed histologically
(Fig. S4) and by proteinuria, which peaked on day 7 (Fig. 4A) and
persisted up to day 14. Polymers were injected on day 7 at peak
proteinuria, and polymer distribution assessed 7 days post-
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Fig. 3. Kidney distribution of low molecular weight (23—27 kDa) polymers in normal mice. Representative fluorescent images of kidneys 7 days after intravenous adminis-
tration of PBS or fluorescent polymers obtained by confocal microscopy. Kidney glomeruli are denoted by dashed white lines. Blue, DAPI; red, Cy3-labeled polymers. Individual DAPI
and Cy3 channels are shown to the right of their respective images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

polymer administration (Fig. 4A).

In normal animals, LMW 1:4 copolymers exhibited greater
fluorescence in the kidneys than HMW 1:4 copolymers (Fig. 4B and
C). Experimental FSGS increased kidney and liver fluorescence of
LMW 1:4 copolymers, but not HMW 1:4 copolymers (Fig. 4C).
Generally, LMW 1:4 copolymers exhibited greater kidney/liver
fluorescence ratios compared to HMW 1:4 polymers in normal and
experimental FSGS conditions (Fig. 4D). Kidney tissue distribution
patterns were similar to the initial LMW polymer panel, with no
remarkable differences noted in mice with experimental FSGS (data
not shown).

2.4. In vitro characterization of polymers in proximal tubule cells

The LMW 1:4 polymer was then characterized for internaliza-
tion, cytotoxicity, and uptake mechanism using an immortalized
human proximal tubule cell line, HK-2, which exhibits key features
of primary proximal tubule cells [29]. By confocal microscopy,
polymer-treated cells exhibited punctate polymer fluorescence
within the cell body (Fig. 5A). Treatment of HK-2 cells with 1 uM
polymer for up to 7 days did not cause significant differences in
viability compared to untreated cells, as determined by MTS/PMS
assay (Fig. 5B). To investigate the mechanism of polymer internal-
ization, polymer uptake was measured after incubation in either
37°C or 4°C using flow cytometry, as reduced temperature is
known to effectively inhibit active endocytosis [17,30]. Incubation
of cells on ice (4 °C) significantly reduced polymer fluorescence (p-

value < 0.0001) compared to cells maintained at 37 °C (Fig. 5C).
Moreover, in a competition uptake experiment with anionic
dextran sulfate (500 kDa), incubation of polymer in an excess of
dextran sulfate significantly reduced polymer fluorescence in-
tensity to ~46% compared to control (p-value < 0.0001, Fig. 5D).

3. Discussion

In engineering intravenous polymeric drug carriers for targeted
drug delivery applications, careful consideration of polymer prop-
erties must be taken to understand and control “passive targeting”
effects, inadvertent or intentional [20]. Ideally, materials are
designed with properties that enhance accumulation at target tis-
sue, and avoid characteristics that enhance accumulation in off-
target tissues. This is especially true when considering the kid-
neys, which filter up to 180 liters of blood per day, and are a major
clearance organ with intimate contact with the circulatory system.
However, polymer design guidelines to either enhance or avoid
kidney targeting have been limited.

Here, we systematically interrogated the effect of polymer
anionic charge density and molecular weight, as well as glomerular
filtration barrier integrity, on polymer accumulation in the kidneys.
Polymers were synthesized by living radical polymerization to
control composition and molecular weight. By using a pyridyl
disulfide-terminated initiator, polymer chains were fluorescently
labeled with a single Cy3-maleimide resulting in ~1:1 dye:polymer
ratio, enabling direct comparison of fluorescent signals for the
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Fig. 4. Organ distribution of polymers in normal and experimental FSGS mice. A. Top: treatment schedule of normal and experimental FSGS mice. FSGS mice were administered
a cytotoxic anti-podocyte antibody on days —1 and 0. Both normal and FSGS mice were administered PBS or fluorescent polymers on day 7 and sacrificed on day 14 for analysis.
Bottom: urine albumin/creatinine ratios of animals administered the cytotoxic anti-podocyte antibody (red, FSGS, n =5) or not (black, normal, n = 4). All mice were administered
PBS on day 7. Statistical analysis was performed using a two-tailed Student's t-test compared to normal animals. B. Representative fluorescent images of major organs analyzed on
day 14. C. Region of interest quantification of tissue fluorescence normalized by tissue weight. All antibody treatments were n = 6; otherwise n=5. D. Kidney/liver normalized
fluorescent signal ratio. Statistical analysis was performed using a one-way ANOVA with post-hoc Tukey's multiple comparisons test. Bars represent means + SEM. *p-value < 0.05.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

polymers tested. Thioether linkages have been reported in a variety
of in vivo applications, including cellular nanoparticle “backpack”
conjugation [31] and antibody-drug conjugates [32]. Whole-organ
fluorescence imaging was selected due to ease of fluorophore
conjugation and throughput. While this method presents limita-
tions to accurate quantification due to tissue light-scattering
[33,34], it still provides a semi-quantitative means of evaluating
biodistribution.

In an initial panel, polymers with fixed molecular weights
(23—27 kDa), but varying anionic charge, were examined in normal
mice. Cationic polymers were not tested due to the toxicity of these
materials [35]. The molecular weights were well below the renal
filtration cutoff of 50 kDa, allowing passage of these polymers
through the glomerular filtration barrier via filtration. A polymer
with M, 25 kDa and high (80%) anionic monomer content localized
the most in the kidneys, and was internalized specifically in prox-
imal tubule cells. This was a surprising result, as both the glomer-
ular endothelial cells and the glomerular basement membrane of
the filtration barrier are highly negatively charged due to a

glycocalyx and anionic heparan sulfate proteoglycans, respectively,
and presumably repel the polymers [36]. Other uptake mecha-
nisms, such as secretion and reabsorption, may also result in
polymer uptake. Moreover, HPMA polymers containing anionic
DTPA also exhibited kidney-specific accumulation, indicating that
the observed biodistribution is not unique to MAA monomer and
likely generalizable to other anionic monomers.

We utilized a cytotoxic anti-podocyte antibody to induce
experimental FSGS. This antibody method is well-reported and
specifically causes apoptosis of glomerular podocytes [21,37—47],
leading to albuminuria, a clinical signature of a dysfunctional
glomerular filtration barrier and loss of size-selective filtration [48].
This model was used to test the effects of polymer molecular
weight with fixed anionic charge density (80%). Experimental FSGS
increased the kidney fluorescence of LMW 1:4 polymer (25 kDa)
but not HMW 1:4 polymer (47 kDa), providing some evidence that
LMW 1:4 polymer kidney distribution is driven partly by filtration
while HMW 1:4 is not. Moreover, these findings suggest that there
is an optimal molecular weight for kidney delivery applications.
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Fig. 5. In vitro LMW 1:4 polymer characterization. A. Representative fluorescent
images of HK-2 cells after incubation with fluorescent polymer. Cells were incubated
with polymers for 2 h prior to imaging. Blue, DAPJ; red, Cy3-labeled polymers. B. HK-
2 cell viability after polymer treatment at various days (n=5). C. Polymer uptake,
measured by mean fluorescence intensity (MFI), after 1 h incubation with polymer at
37 or 4°C (n=4). D. Polymer uptake, measured by mean fluorescence intensity (MFI),
after 1h incubation with polymer in media or in the presence of dextran sulfate
(n=3). Bars represent means + SEM. Statistical analysis was performed using a two-
tailed Student's t-test. *p-value < 0.05. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Our observation that experimental FSGS enhanced LMW 1:4
polymer distribution suggests that disease conditions resulting in
loss of filtration size-selectivity may be exploited to enhance ma-
terial targeting to the kidneys, similar to the enhanced permeability
and retention effect observed in animal models of tumors [20].

These two size regimes, low-molecular weight (~25kDa) and
high-molecular weight (~50 kDa), were selected to test the kidney
distribution behavior of polymers below and near the filtration
cutoff for linear polymers (~50 kDa). Many reports have shown that
circulation half-life increases significantly for linear polymers of
size ~50 kDa compared to those of size 20 kDa [49,50], indicating
that the filtration cutoff is near 50 kDa. Our study corroborates
these findings. Given that the polymer backbones studied here are
non-degradable and the clinical importance of eliminating
nondegradable materials [51], we therefore studied these molec-
ular weights as an intrinsic control point for elimination rate.

The immortalized human proximal tubule cell line, HK-2, was
used to study polymer features in vitro, as these cells exhibit similar
phenotype, function, and toxicity responses compared to primary
cells [29]. LMW 1:4 polymers were internalized into punctate
structures as early as 2 h after polymer treatment, and polymer
treatment (1uM) did not inflict significant toxicity, even at
extended exposure times (7 d). Notably, this concentration and
timescale is significantly higher and longer than what would be
encountered in vivo, as the injected polymer concentration (40 uM)
should be rapidly diluted and cleared after intravenous injection
and tissue distribution. In subsequent experiments, polymer

internalization was found to be significantly reduced at 4 °C and in
the presence of excess anionic dextran sulfate, a known competitor
of scavenger receptors, indicating that uptake is driven primarily by
active endocytosis and/or non-specific scavenger receptors [17,52].
Proximal tubule reabsorption of macromolecules such as albumin
and IgG is well-reported, with multi-ligand scavenger receptors
megalin and cubilin responsible for uptake [53,54]. Indeed, various
studies have shown that knockdown of megalin and/or cubilin re-
sults in reduced kidney uptake of synthetic peptides [55], albumin
[56], and nanoparticles [57]. These receptors may mediate uptake
of the polymers in the kidneys. Polymer uptake correlating with
increasing anionic charge was also observed for the liver, albeit to a
lesser degree compared to the kidneys. Liver endothelial and
Kupffer cells express scavenger receptors SR-AI and SR-AIl that
broadly recognize polyanionic ligands [58—60]. These non-specific
scavenger receptors may mediate liver uptake of the polymers
studied in this work.

While the polymers studied here did not exhibit significant
podocyte uptake in the context of glomerular disease, these find-
ings may still be useful for glomerular disease applications. As these
polymers seem to be filtered, functionalization of these polymers
with ligands that recognize podocyte receptors may enable cellular
binding and internalization as these polymers travel through the
glomerular filtration barrier. Moreover, targeted drug delivery to
proximal tubule cells during glomerular disease may improve renal
health. Proteinuria causes tubular cell atrophy and fibrosis due to
protein overload, which contributes to worsening chronic kidney
disease [61]. Therefore, delivery of pro-survival molecules may be a
strategic method of halting tubular necrosis.

4. Conclusions

By examining a panel of synthetic polymers, we have deter-
mined that polymers with molecular weight ~25kDa and high
anionic monomer content are taken up in kidney proximal tubule
cells up to 1 week after injection, with enhanced accumulation
observed in conditions of loss of glomerular filtration barrier
integrity. These guidelines may inform the development of
improved polymeric materials for a variety of applications. For
chemotherapeutics such as cisplatin that inflict serious renal
toxicity [62], polymeric drug carriers should potentially avoid high
anionic monomer content to mitigate uptake into proximal tubule
cells. In kidney diseases such as polycystic kidney disease where
tubule cells are principally afflicted [63], anionic polymeric drug
carriers may be considered to improve the therapeutic profile of
drugs.

5. Concise methods
5.1. Materials

Poly(ethylene glycol) methyl ether methacrylate monomer
(average molecular weight =300 Da, OEGMA), N,N’-dicyclohex-
ylcarbodiimide (DCC), 2,2’-bipyridyl (BPY), 2-mercaptoethanol,
copper (I) bromide, 4-dimethylaminopyridine (DMAP), and
N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) were pur-
chased from Sigma-Aldrich. 2,2’-dipyridyl disulfide and tert-butyl
methacrylate monomer (tBuMA) were purchased from TCI Amer-
ica. a-bromoisobutyric acid was purchased from Fluka. OEGMA and
tBuMA were passed through a basic alumina column to remove
inhibitors before polymerization. Cy3-maleimide was purchased
from Lumiprobe.
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5.2. Polymer synthesis and characterization

A pyridyl disulfide-terminated ATRP initiator was synthesized as
previously described [64]. The initiator was purified by column
chromatography, and purity was confirmed by '"H NMR. In a typical
polymerization, the ATRP initiator, ligand (PMDETA or BPY), and
monomers (OEGMA and tBuMA) were dissolved in solvent and
added to a round-bottom flask. The solution was purged with Ar gas
for 10 min. After, solid CuBr was rapidly added, and the solution was
purged again. The following reaction conditions were carried out
for each polymer (mole ratios): (i) LMW 1:4 and HMW 1:4, ini-
tiator:PMDETA:OEGMA:tBuMA:Cu(I) = 1:1:40:160:1, [mono-
mer] =3 M, in anisole, 60 °C for 4 or 8 h, respectively; (ii) LMW 1:1,
initiator:PMDETA:OEGMA:tBuMA:Cu(I) = 1:1:400:400:1, [mono-
mer] =2 M, in methyl ethyl ketone, room temperature for 2 h; (iii)
LMW  1:0, initiator:BPY:OEGMA:tBuMA:Cu(l) =1:1.2:667:0:1,
[monomer|=2M, in ethanol, 50°C for 6 h. HMW and LMW 1:4
polymers were precipitated into cold hexanes; LMW 1:1 and LMW
PEG polymers were precipitated in cold ether. Polymers were
collected by centrifugation and vacuum-dried for at least 24 h, and
characterized for molecular weight and dispersity (P) via gel
permeation chromatography (GPC) as previously described [65].
Purity and monomer ratios in the statistical copolymers were
assessed with '"H NMR. The integrated signals of the terminal
methyl groups of the OEGMA (3 protons) and the tert-butyl groups
of the tBuMA (9 protons) were compared.

For the synthesis of the HPMA copolymers, the co-monomers N-
(2-hydroxypropyl) methacrylamide (HPMA) [66], N-meth-
acryloylaminopropyl-2-amino-3-(isothiourea-phenyl) propyl-
cyclohexane-1,2-diamine-N,N—N’,N',N”,N” -pentaacetic acid
(APMA-CHX-A"-DTPA) [67], and 5-[3-(methacryloylaminopropyl)
thioureidyl] rhodamine (APMA-rhodamine) were synthesized us-
ing established methods. APMA-rhodamine was adapted from the
synthesis of APMA-FITC [68], substituting rhodamine-
isothiocyanate instead of fluorescein-isothiocyanate. Copolymeri-
zation was performed using free radical copolymerization, using
azobisisobutyronitrile (AIBN) as an initiator. The reaction was car-
ried out in a nitrogen-purged sealed glass ampule for 24 h and
50 °C. For the control copolymer, the following feed ratio in mole
percent was used: HPMA:APMA-CHX-A"-DTPA:APMA-rhodamine
(98:0:2). For the DTPA-containing (anionic) copolymer the
following ratio was used: HPMA:APMA-CHX-A"-DTPA:APMA-
rhodamine (88:10:2). Initiator concentration was 5 mg of initiator
per 100 mg total monomers in both syntheses, in 500 uL of MeOH.
Copolymers were purified through dialysis against dH,O and
lyophilized. Copolymers were characterized for molecular weight
and dispersity using size exclusion chromatography. Co-monomer
content was measured using UV—Vis spectroscopy. For the con-
trol copolymer, rhodamine fluorescent label content was deter-
mined to be 0.156 mmol/g. For the anionic copolymer, rhodamine
content was determined to be 0.863 mmol/g and DTPA monomer
content was found to be 0.598 mmol/g.

5.3. Polymer deprotection and fluorescent labeling

Polymers containing tBuMA were deprotected in trifluoroacetic
acid, to remove the tert-butyl groups and reveal carboxylic acids, for
2 h with stirring. After, polymers were precipitated in cold ether,
collected by centrifugation, and vacuum-dried overnight. Polymers
were then dissolved in molecular-grade H,O pH 8, dialyzed against
dH,O for 24 h, and lyophilized. The deprotected polymers were
prepared for dye conjugation by reducing the disulfide bond pre-
sent in the initiator. Polymers were dissolved in PBS-EDTA, purged
with Ar for 10 min, and a 1000-fold molar-excess of dithiothretriol

(DTT) was added. The reaction was left overnight. Polymers were
desalted using a PD-10 desalting column (GE), dissolved in a 2:1
PBS-EDTA:DMSO solution, purged, and a 5 x molar-excess of Cy3-
maleimide dye (Lumiprobe) dissolved in N,N-dimethylformamide
was added. After 24h, labeled polymers were dialyzed against
dH,0 for 1.5 wk.

5.4. Polymer biodistribution studies

All animal experiments were executed in compliance with the
University of Washington IACUC guidelines. For the initial LMW
polymer biodistribution study, polymers (4 nmol) dissolved in PBS
were injected in 7-week old mice via retro-orbital route. After 7 d,
animals were sacrificed, perfused with PBS, and major organs
(heart, lungs, liver, spleen, and kidneys) were harvested. Organ
fluorescence was quantified by a Xenogen IVIS using ex/em = 535/
580 nm. Regions of interest were drawn across each organ for
quantification, and total radiant efficiencies were normalized by
organ weight. Statistical analyses were performed using GraphPad
Prism and R software. Experimental FSGS was induced in 9-week
old male BALB/c mice (Jackson Laboratory) via two intraperito-
neal injections (10 mg/20 g mouse) of a cytotoxic anti-podocyte
antibody 24h apart. HMW and LMW polymers (4 nmol) were
injected as above on day 7 after disease induction, and animals
were sacrificed for organ fluorescence quantification on day 14 as
described above.

5.5. Tissue processing and imaging

Kidney tissues were fixed in 4% PFA, washed with PBS, and
incubated overnight with 30% sucrose/PBS at 4°C. Tissues were
then embedded in OCT and frozen in an ethanol/dry ice bath. After
cryosectioning, tissues were stained with DAPI and mounted with
Fluoromount-G (SouthernBiotech). Confocal images were taken as
previously reported [37]. Images were captured using a Leica TCS
SPE II laser scanning confocal microscope (Solms, Germany) with a
HCX PL APO 40 x [1.30 oil objective, at 1024 x 1024 pixel format
with 8-bit intensity resolution. Sets of 8 serial images were
collected at 2-um step size. The acquisition wavelengths were: DAPI
excitation 405 nm, emission 380—468 nm; Cy3 excitation 561 nm,
emission 576—644 nm. Masson's trichrome and silver staining
were performed using standard methods. Images were collected at
600 x magnification.

5.6. Urine albumin and creatinine quantification

Spot urines were collected on various days before and
throughout experimental FSGS induction. Urine albumin content
was quantified by radial immunodiffusion as previously described
[69], and creatinine quantified using a creatinine assay kit (Cayman
Chemical).

5.7. HK-2 cell culture and polymer characterization

The human proximal tubule cell line HK-2 was cultured in K-
SFM (ThermoFisher Scientific) and maintained as described by
ATCC. For confocal imaging of polymer uptake, HK-2 cells were
seeded on bovine collagen I (Corning)-coated glass coverslips in a
24-well plate at 4 x 10%cells/well. After overnight incubation,
media was replaced with fresh media or polymer dissolved in
media to 1 uM for 2 h. After, cells were washed three times with
PBS, and then fixed and stained with DAPI using standard methods.
Confocal images were collected as described above.

For viability studies, HK-2 cells were plated in a 96-well plate at
5 x 103 cells/well. After overnight incubation, media was replaced
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with fresh media or polymer dissolved in media to 1 uM. After 1, 3,
or 7d treatment, cells were washed with PBS, and viability was
assayed by MTS/PMS (Promega) according to manufacturer
instructions.

HK-2 cells were plated in a 24-well plate at 3—4 x 10* cells/well
for uptake characterization studies and tested after overnight in-
cubation. To test the effects of temperature on uptake, media was
replaced with polymer dissolved in media to 1 uM, and cells were
incubated for 1 hat 37°C or on ice (4 °C). Cells were then washed
3 x with PBS, lifted with trypsin, resuspended in 1% BSA/PBS, and
analyzed by flow cytometry. For competition studies, cells were
first incubated with 1 mg/mL dextran sulfate (Sigma-Aldrich) in
media for 30 min, and then incubated with 1 uM polymer in the
presence of 1 mg/mL dextran sulfate for 2 h. Cells were then pro-
cessed for flow cytometry as described above. Flow cytometry was
performed using an Attune NXT Flow Cytometer (ThermoFisher
Scientific). At least 1 x 10% cells were analyzed by Flow]Jo software,
using mean fluorescence intensity as a measure of polymer uptake.
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Boronic acid copolymers for direct loading and acid-triggered
release of Bis-T-23 in cultured podocytes

Yilong Cheng®P.T Gary W. LiuPT, Ritika JainP, Jeffrey W. Pippin®, Stuart J. Shankland®, and
Suzie H. Punb”

8Present address, Department of Applied Chemistry, School of Science and MOE Key Laboratory
for Nonequilibrium Synthesis and Modulation of Condensed Matter and State Key Laboratory for
Mechanical Behavior of Materials, Xi’an Jiaotong University, No. 28 Xianning West Road, Xi'an,
Shaanxi 710049, China

bDepartment of Bioengineering and Molecular Engineering & Sciences Institute University of
Washington, 3720 15th Ave NE Seattle, WA 98195, USA

®Department of Medicine, Division of Nephrology, School of Medicine, University of Washington,
750 Republican Street, E-179, Seattle, WA 98109, USA

Abstract

We report an acid-reversible linker for triggered release of Bis-T-23, an experimental small
molecule drug for kidney disease treatment that restores podocyte morphology during disease.
Bis-T-23 contains catechols, which form an acid-reversible, covalent boronate ester bond with
boronic acids. We synthesized phenylboronic acid-containing polymers using reversible addition-
fragmentation chain transfer polymerization that were able to directly load and solubilize Bis-
T-23. Because of the reversibility of the boronic ester bond, drug was released in its native form in
a pH-dependent manner. The polymers rapidly trafficked into acidic compartments and did not
exhibit cytotoxicity, and polymer-drug conjugates successfully delivered Bis-T-23 into cultured
podocytes.
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More than 850 million people worldwide are afflicted with kidney disease.! Because of
limited therapies to halt disease advancement, many patients progress to chronic kidney
failure and ultimately require dialysis or kidney transplantation. However, kidney disease
patients continue to face high morbidity and poor five-year survival rates.2 Human and
experimental studies have shown that loss and dysfunction of podocytes, highly specialized
and terminally differentiated epithelial cells within the kidney glomerulus essential to
filtration, directly underlies scarring of kidney filtration units that leads to deteriorating
kidney function and proteinuria.3 However, current therapies do not specifically modulate
podocyte dysfunction, and burden the patient with significant side effects that further
complicate the disease.*

A common response to injury in podocytes is actin cytoskeleton derangement, which
precedes morphological changes that lead to disruption of the filtration barrier.” Therefore,
drugs that modulate the actin cytoskeleton could have widespread clinical impact in treating
chronic kidney disease. Schiffer et al. recently reported on the therapeutic efficacy of a small
molecule, Bis-T-23, which promotes actin polymerization via dynamin oligomerization.” In
various rodent models of podocyte injury, Bis-T-23 restored overall podocyte morphology
and reduced proteinuria, a clinical signature of podocyte injury. However, low drug
solubility and the ubiquitous expression of dynamin preclude systemic administration of
Bis-T-23 in the clinic due to off-target toxicity.8 9 Therefore, targeted Bis-T-23 delivery to
glomerular podocytes could significantly expedite clinical translation of this experimental
drug.

A critical component of targeted drug delivery is spatiotemporal control of drug release.
Ideally, drugs are conjugated or loaded onto carriers in a manner that minimizes drug release
during circulation to mitigate drug loss and reduce side effects, and releases drug after target
cell binding and uptake. Drug linkers have been engineered to be sensitive to a variety of
local cues (pH, enzymes, or reduction/oxidation) for programmed drug release within the
target tissue or cell.10: 11 For example, the antibody-drug conjugate Adcetris contains
cathepsin-sensitive linkers for drug release after cellular internalization and trafficking into
lysosomes,12 enabling targeted delivery of the highly potent drug monomethyl auristatin E.
These advances in linker chemistry have subsequently improved the safety and efficacy of
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chemotherapeutics, and similar technologies could improve the standard of treatment for
kidney diseases.

Here, we report an acid-labile, boronate ester linkage for programmed release of Bis-T-23.
We exploited the fact that Bis-T-23 contains catechol groups, which bind tightly to boronic
acids to form a reversible covalent boronate ester bond.3 Importantly, no drug modification
is required for conjugation to boronic acid-functionalized carriers, and drugs are released in
original form. Boronic acids bind tightly to diols, and reactions with catechols such as Bis-
T-23 are especially favored because of the aromatic hydroxyl groups (association constant
K; ~830 M1 and 4.6 M1 for catechols and b-glucose, respectively).13 The conjugated Bis-
T-23 can be released by bond-breaking triggered by acidic pH conditions.14 15 Therefore,
the drug remains in a pro-drug form during circulation, but is released in active form after
cellular binding and internalization into acidic, intracellular vesicles (Figure 1). In this work,
we developed boronic acid-containing copolymers for loading and pH-sensitive release of
the catechol-containing drug Bis-T-23. We characterize these materials for drug loading,
release kinetics, cellular trafficking, and cytotoxicity, and demonstrate polymer-drug
conjugate delivery in cultured podocytes. Moreover, we report a new method of evaluating
Bis-T-23 delivery to podocytes.

Phenylboronic acid-grafted copolymers (PBA copolymers) were synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization (Scheme S1) of the monomers
N-(2-hydroxypropyl) methacrylamide (HPMA), N-[3-
(dimethylamino)propyl]methacrylamide (DMAPMA), and N-(3-
aminopropyl)methacrylamide (APMA). HPMA was selected due to its biocompatibility and
water solubility;16 DMAPMA, which contains a tertiary amine and is positively charged at
physiologic pH, was selected to facilitate cellular internalization in lieu of a targeting ligand;
17 and APMA was selected for facile functionalization with 4-carboxyphenylboronic acid by
EDC/NHS conjugation post-polymerization. Notably, cationic polymers containing similar
tertiary amines were observed to be rapidly internalized and trafficked into acidic endosomes
and lysosomes.18: 19 This internalization route is an important requirement for the polymers
studied here to reverse the boronate ester bond and trigger intracellular drug release.

Monomer conversion and copolymer composition was monitored by 1H NMR during
polymerization. Monomer conversion was nearly 100% after 18 h, and polymer composition
was determined to be 70:20:10 for HPMA:DMAPMA:APMA (Figure S1). The copolymers
exhibited a number average molecular weight (M,;) of 22 kDa and low dispersity (£ = 1.05)
by GPC analysis, indicating good control of polymerization (Figure S2 and Table 1).
Functionalization of the copolymers with 4-carboxyphenylboronic acid was confirmed by
1H NMR via emergence of new peaks at 7.9 and 7.6 ppm, indicating successful and
complete reaction of primary amine side chains with PBA (Figure S1). Comparison of the
integrals of the protons in PBA at 7.6 and 7.9 ppm with that of the protons in HPMA at 3.8
ppm confirmed that the final PBA copolymer was p(HPMA7q-co-DMAPMA g-co-(APMA-

G-PBA)10).

When conjugated to PBA copolymers, Bis-T-23 gained a new absorbance at A. = 410 nm,
which was used to monitor polymer drug loading. In the absence of polymer, Bis-T-23
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exhibited low water solubility and formed a yellow precipitate in aqueous solutions (Figure
2A). At increasing polymer:drug mass ratios, precipitation decreased, and drug absorbance
increased until at 14:1 ratio, after which the observed drug absorbance plateaued (Figure 2A
and 2B). Therefore, a polymer:drug ratio of 14:1 was used for subsequent drug loading and
studies. In these conditions, 24.2% of the available PBA are loaded with drug (see
Supporting Information for calculations). Dynamic light scattering analysis was also
performed to test if aggregation occurred during drug loading, as Bis-T-23 is symmetrical
and may crosslink polymers. No differences in size distribution were observed between
polymer only and polymer-drug conjugates, suggesting that these loading conditions do not
result in cross-linking and aggregation (Figure S3). This may be due to steric hindrance of
the benzyl in both the polymer and Bis-T-23.

Polymer-drug conjugates were then tested for pH-dependent drug release in buffers at pH
7.4,6.8, 5.6, and 4.6, with the latter two values within the late endosomal and lysosomal pH
spanning 6.5-4.5.20: 21 While polymer-conjugates at pH 4.6 and 5.6 exhibited rapid and
nearly complete drug release, conjugates at pH 6.8 and 7.4 exhibited minimal drug release
within the same time frame (Figure 2C). After 48 h, PBA copolymers exhibited 14.5%,
19.3%, 80.4%, and 98.1% cumulative Bis-T-23 release in pH 7.4, 6.8, 5.6, and 4.6,
respectively. These observations demonstrate that the copolymers exhibit pH-sensitive drug
release, and that the PBA copolymers could release Bis-T-23 in pH ranges relevant to acidic
endosomes and lysosomes.

Despite the pKj of the PBA studied here being greater than 8.0,22 23 Bis-T-23 was retained
on the PBA copolymer at pH 7.4, likely due to the high binding affinity between PBA and
catechols. As the pKj of the boronic acid may affect drug loading and release, polymers
containing fluoroPBA (FPBA), which exhibits a lower pK; around 7.2-7.8 due to an
electronegative fluorine,24 25 were similarly synthesized and characterized (Figure S1).
FPBA copolymers exhibited optimal drug loading at polymer:drug ratio 12:1 with similar
trends of pH-dependent drug release as PBA copolymers (Figure S4). As no major
differences in drug loading and release were observed between PBA and FPBA copolymers,
PBA copolymers were selected for further study due to greater aqueous solubility.
Therefore, polymer-drug conjugates may be formed at pH 7 without the need to modulate
the pKj of the phenylboronic acid.

Drug release was also tested in the presence of glucose, as vicinal diols might prematurely
displace conjugated Bis-T-23. Physiologically, blood glucose concentrations range from 0.63
to 0.99 mg/mL in normal children and adults.26 Glucose at concentrations up to 1.5 mg/mL
did not cause significant drug release from the PBA copolymers (Figure S5). Moreover,
mannitol, which contains multiple hydroxyls and exhibits a higher K with boronic acid than
glucose (K3 = 120 M1 and 4.6 M1, respectively),13 did not cause any significant Bis-T-23
release at the same concentration (Figure S5). The stability of the boronate ester is likely due
to the 180-fold higher Kj of catechols and boronic acids compared to diols. Therefore, diols
at physiological concentrations do not displace Bis-T-23, indicating that boronate ester
reversal is more sensitive to pH than diols (Figure S5).
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Bis-T-23-loaded polymers were then tested for drug delivery in cultured podocytes. First, the
trafficking of PBA copolymers in podocytes was examined by flow cytometry and confocal
microscopy. As early as 20-30 min, fluorescently labeled PBA copolymers were mostly
internalized (Figure 3A) and colocalized with LysoTracker, a marker of lysosomes (Figure
3B). This is consistent with other studies reporting that polycationic materials rapidly traffic
into acidic compartments as early as 5 min, with greater trafficking into more acidic late
endosomes and lysosomes observed 10-20 min later.2”- 28 Bis-T-23 promotes dynamin
oligomerization, which causes actin polymerization and crosslinking and focal adhesion
maturation.’- 29-31 By image analysis, while Bis-T-23 significantly increased F-actin content
in cultured podocytes, polymer-drug conjugates did not (Figure S6), likely due to the low
dynamic range of this method. Therefore, we sought to develop a more high-throughput
method of evaluating Bis-T-23 delivery in cultured podocytes. Given that podocytes
endocytose albumin32 and the importance of dynamin in this process,33 we hypothesized
that Bis-T-23 would modulate uptake of albumin. Indeed, in initial studies, Bis-T-23
inhibited albumin uptake up to 27% (Figure S7). Therefore, flow cytometry analysis of
fluorescein-albumin uptake was used to quantify polymer-drug delivery. In podocytes, free
Bis-T-23 and polymer-Bis-T-23 significantly inhibited albumin uptake (Figure 4A). Notably,
cells were incubated with treatments for 20 min in PBS; due to minimal drug release within
this time in pH 7.4 (<5%), polymer-Bis-T-23 effects was more likely due to acid-triggered
release rather than basal release. Additionally, free Bis-T-23 and polymer-Bis-T-23
significantly inhibited transferrin uptake in a human T cell line (Figure 4B), consistent with
previous studies showing Bis-T-23 inhibition of transferrin uptake,3* and did not exhibit
significant toxicity towards cultured podocytes (Figure 4C). These findings indicate that
polymer-Bis-T-23 conjugates are internalized into acidic compartments, Bis-T-23 is being
released intracellularly, and the polymers are not significantly toxic in the conditions tested.

While recent high-throughput screening campaigns have identified new small molecule drug
candidates for treating kidney disease, 3> 38 solubility and off-target side effects remain
major obstacles to clinical translation of experimental drugs such as Bis-T-23. Polymeric
drug carriers have emerged as an answer to some of these challenges by altering drug
properties and pharmacokinetics. An important aspect of these carriers is the drug linker that
controls drug release under specific conditions. Phenylboronic acid-containing polymers
have been recently reported in applications in drug delivery due to their various stimuli-
sensitive properties.14 15: 37 |n this work, we developed PBA copolymers for acid-triggered
release of the catechol-containing drug Bis-T-23, taking advantage of the fact that catechols
form an acid-reversible boronate ester with boronic acids. This chemistry has been utilized
in a number of drug delivery applications for stimulus-triggered drug release from polymer
systems. Su et alreported on polymer-drug conjugates comprising the boronic acid-
containing chemotherapeutic, bortezomib, and catechol-containing polymers.1> The
materials exhibited acidic pH-selective drug release and maintained /7 vitro cancer cell
killing. Aguirre-Chagala efal and Ma et a/ reported on boronic acid-containing polymers for
loading the diol-containing chemotherapeutic, capecitabine. These materials self-assembled
into micelles and exhibited pH-sensitive drug release.38 39 Li et a/developed drug-loaded,
polymeric micelles through crosslinking of adjacent boronic acid- and catechol-containing
polymers. These micelles also exhibited acidic pH- and mannitol-triggered drug release, as
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well as improved particle stability in vivo.1* Moreover, boronate esters have broad utility in
other applications, including isolation of catechol-containing compounds from plasma for
quantification,*0 and saccharide-triggered release of catechol-containing model drugs from
boronic acid-functionalized nanoparticles.!

This work reports PBA copolymers that reversibly load the catechol-containing drug Bis-
T-23 without any further drug modification and release active drug after cell internalization.
Polymer-drug conjugates were stable at physiological pH and in the presence of sugars,
indicating potential stability of the conjugates during circulation /n vivo. In vitro, PBA
copolymers distributed into acidic endosomes, and through a flow cytometry assay to
evaluate Bis-T-23 delivery, polymer-drug conjugates were able to deliver drug
intracellularly. Collectively, these findings suggest that boronate ester chemistry may be an
attractive strategy for releasing Bis-T-23 after cellular uptake. The copolymers reported here
included the tertiary amine-containing monomer DMAPMA, which mediates cellular
internalization for proof-of-concept /in vitro studies. Future work includes functionalizing
uncharged versions of these polymers for targeted podocyte delivery of Bis-T-23 in the
kidney. This strategy could also be readily applied to other catechol-containing drugs such as
quercetin or EGCG.42: 43
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Figure 1.

Schematic of polymer-drug conjugates and release mechanism. A. Phenylboronic acid
(PBA) copolymers load Bis-T-23 through boronate ester formation between boronic acids on
copolymer side chains and catechols on Bis-T-23. At acidic pH conditions, the boronate
ester bond reverses, and Bis-T-23 is released in its native form. B. Copolymers are rapidly
endocytosed due to cationic side chains and are trafficked into acidic endosomes and
lysosomes, which trigger bond reversal. Bis-T-23 is then released, catalyzing dynamin
oligomerization.
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Figure2.
Characterization of PBA copolymer behavior. A. Image of polymer-drug conjugates loaded

at increasing polymer:drug mass ratios. B. Absorbance quantification of polymer-drug
conjugates. When loaded onto PBA copolymers, Bis-T-23 exhibits a new absorbance at A. =
410 nm. C. Bis-T-23 release from polymer-drug conjugates at various pH.
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Figure 3.
In vitro polymer uptake. A. Polymer uptake by podocytes, measured by mean fluorescence

intensity (MFI), after 20 min incubation at 37 or 4 °C. B. Fluorescent images of podocytes
treated with fluorescein-PBA copolymers obtained by confocal microscopy. Green, polymer;
red, lysosomes; yellow, merge. Pearson’s correlation coefficient = 0.5. Scale bars, 10 ym.
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Figure 4.

In vitro drug delivery and cytotoxicity of polymer-drug conjugates. A. Normalized inhibition
of fluorescein-BSA uptake in podocytes. B. Normalized inhibition of fluorescein-transferrin
in Jurkat cells. Treatments were normalized by respective vehicle (DMSO or polymer)
controls. C. Percent viability of treatments relative to untreated podocytes. Bars represent
means + SEM. ***p-value < 0.001; ****p-value < 0.0001; ns, not significant.
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Table 1
Summary of p(HPMA-co-DMAPMA-co-APMA) copolymers

Polymer Mna (Da) Mnb (0a) b
P(HPMAq-co-DMAPMA ,4-co-APMA 1) 15200 22,000 1.05
p(HPMAg-co-DMAPMA 50-co-(APMA-g-PBA) ) 16,300 N/A  N/A
LH NMR,
bGF’C
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