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Abstract

Viruses are a major cause of human morbidity and mortality in the world. New effective
approaches to stop their spread are paramount. Herein, two approaches toward this goal are
explored: (i) developing multivalent therapeutics (multiple copies of an antiviral agent covalently
attached to a polymeric chain) with superior potency against their viral targets, and (ii) creating
antiviral surface coatings that detoxify aqueous solutions containing various viruses on contact.

By harnessing the power of multivalency we endeavored to improve the potency of
influenza inhibitors, as well as resurrect the potency of two FDA-approved influenza inhibitors
for which widespread drug resistance now exists. In the former direction of research, we attached
multiple copies of bicyclic naphthoquinone-like monomeric inhibitors to polymeric chains.
When tested against the Wuhan strain of influenza, these multivalent conjugates were up to 240-
fold more potent inhibitors than their monomeric predecessors. However, this improvement in
potency was strain-dependent, as two other serotypically-different influenza strains were not
inhibited nearly as well by multivalent inhibitors.

This strategy was also employed to restore inhibition for the adamantane class of
influenza inhibitors against drug-resistant strains. The chemical modifications to the adamantane
scaffold necessary for polymer attachment imposed deleterious steric constraints which resulted
in poorer inhibitory effect. Even despite these drawbacks, however, the drug-polymer conjugates
were up to 30-fold more potent against drug-resistant strains than their monomeric counterparts.
These efforts made strides toward the ultimate goal of recovery of influenza virus inhibition for
the adamantanes.

To diminish transmission of viral infections, we explored the action of antimicrobial PEI-
based (PEI = polyethylenimine) hydrophobic polycations against both enveloped and non-
enveloped viruses. When solutions containing herpes simplex viruses (both 1 and 2) were
brought in contact with N,N-dodecyl,methyl-PEI coated on either polyethylene slides or latex
condoms, they could be disinfected by up to 6-logs of viral titers. Our hydrophobic polycation
also could be formulated into a suspension to disinfect herpes simplex virus-containing solutions,
suggesting potential utility in a therapeutic modality.

We also investigated whether these findings were applicable to non-enveloped viruses,
namely poliovirus and rotavirus. Aqueous solutions containing them indeed could be drastically
disinfected by our hydrophobic polycation-coated slides; subsequent mechanistic studies
suggested that this disinfection was due to adsorption of the viruses onto the coated surfaces
from solution.

Thesis Supervisor: Dr. Alexander M. Klibanov
Title: Firmenich Professor of Chemistry and Bioengineering
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Background, significance, and thesis overview
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A. Introduction

Viruses are ubiquitous in the environment and our lives. One cannot go more than a few
days without seeing a news story about some viral strain, new or old, wreaking havoc on humans
who encounter it. Because of their stealth nature, many viruses evade the immune system of their
host and cause chronic illnesses or sometimes deadly acute infections.! Even for those viruses
against which we are fortunate enough to have therapies, it is generally only a matter of time
before resistance develops.>® Vaccines, arguably one of the most important medical
breakthroughs of the 20" century, can provide protection against a variety of viral pathogens;
however, even with their overwhelming success against some viruses, S there are many others,
for example, HIV or herpes simplex viruses, for which effective vaccines have yet to be
developed.”!! Additionally, viruses like influenza mutate so often that new vaccines must be
administered each year to combat them."'* Furthermore, these vaccines are developed based on
educated guesses as to what epitopes will be present on the following year’s circulating influenza

< 1,13,14
strains; > ™

unfortunately, these guesses are not always accurate.

Transmission of many viruses from person to person often occurs through contaminated
surfaces, also known as fomites."® In this case, an infected individual might cough or sneeze onto
a surface after which a healthy person will touch it and potentially contract the virus. Other
viruses, such as herpes simplex viruses and HIV, can be transmitted through sexual intercourse.'®
The limitations of our current arsenal against viral infections necessitate additional, novel
methods to combat viruses, either through more potent and efficacious therapeutics or by
reducing their spread.

In the Klibanov lab, we are investigating two alternative and distinct approaches utilizing

polymeric materials to tackle these issues. The first involves exploring the effects of multivalent
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inhibitors against influenza viruses. Influenza A virus (Figure 1-1) is a spherical, enveloped
virus, with a segmented RNA genome.'” The virus is decorated with many copies of three
surface proteins. The first, hemagglutinin (HA), is a trimeric protein that is responsible for
recognizing terminal sialic acid moieties on host cells and binding to them to initiate infection.'’
The Neuraminidase (NA) protein is involved in the final step of viral infection that allows
progeny virions to escape the infected cell so that they may infect new cells.!” Neuraminidase is
the target of two of the four FDA-approved small molecule influenza inhibitors, namely
Zanamivir and Oseltamivir.'"® The last surface protein, the M2 ion channel, is paramount in viral
uncoating; that is, the release of influenza’s segmented viral RNA genome into the cell during
infection.'” It is the target of the other two FDA-approved small molecule influenza inhibitors,
amantadine and rimantadine.'® Unfortunately, due to the occurrence of a variety of single-point
mutations in the M2 ion channel, nearly all circulating influenza strains have developed
resistance to amantadine and rimantadine. Therefore they are no longer recommended for use for

treatment of influenza infection.*?'

Influenza A virus

Amantadine/
Rimantadine

/

M2 ion channel

Hemagglutinin (HA)

Zanamivir/
Oseltamivir

Ve

Neuraminidase (NA)

Figure 1-1. Cartoon depicting influenza A virus. Three surface proteins are shown. The hemagglutinin
protein depicted in blue helps initiate infection while the neuraminidase protein in depicted in pink allows
for progeny viral escape. The M2 ion channel depicted in purple aids in viral uncoating. Adapted from
cde.gov.
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Previously, it has been shown by us and others that attachment of multiple copies of
influenza surface protein ligands or inhibitors to flexible polymeric chains vastly improves their
potency compared to that of their monomeric parents.'®**® This improvement in potency is due
to multivalency, whereb); multiple simultaneous interactions between polymer-drug conjugates
and receptors on the viral surface result in an enhanced binding avidity.”* For the FDA-approved
neuraminidase inhibitor zanamivir, we have recently discovered that this improvement in
potency can also be attributed to an additional drug mechanism that is unique to the drug-
polymer conjugate.” Importantly, the zanamivir-polymer conjugates are effective at potently
inhibiting not only native influenza strains, but also zanamivir-resistant ones. This latter action is
attributed to multivalency and likely the aforementioned alternative mechanism.'®*

In Chapter 2 of this thesis, I will discuss a quest for multivalent inhibition by literature-
predicted influenza inhibitors which target the hemagglutinin protein. Using the plaque reduction
assay, relatively simple bicyclic quinone molecules, as well as multiple copies thercof covalently
attached to a long polyglutamate-based polymeric chain, were examined as new inhibitors of
various naturally-occurring strains of influenza A virus. The polymer-conjugated inhibitors were
found to have a far greater potency (for some as high as two orders of magnitude when a long
spacer arm was employed) than their corresponding parent molecules against the human Wuhan
influenza strain. However, such polymeric inhibitors failed to exhibit higher potency compared
to their small-molecule predecessors against the human PR8 and avian turkey influenza strains.
These observations, further explored by means of molecular modeling, reveal the previously

unrecognized unpredictability of the benefits of multivalency, possibly because of poor

accessibility of the viral targets to polymeric agents.
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Chapter 3 also addresses multivalent influenza inhibitors; however, instead of
attempting to improve new influenza inhibitors (as in Chapter 2) we endeavored to “resurrect”
the inhibitory potency of the two FDA-approved adamantane-class M2 ion channel influenza
inhibitors. As mentioned above, these drugs are no longer recommended for use to treat
influenza infection because of widespread resistance to them. By attaching multiple copies of
amantadine or rimantadine to polymeric chains we explored whether it was possible to recover
their potency in inhibiting drug-resistant influenza viruses as previously seen in zanamivir
examples. Depending on loading densities, as well as the nature of the drug, the polymer, and the
spacer arm, polymer-conjugated drugs were up to 30-fold more potent inhibitors of drug-
resistant strains than their monomeric parents. Although a full recovery of the inhibitory action
against drug-resistant strains was not achieved, this study may be a step toward salvaging anti-

influenza drugs that are no longer effective.

Though therapeutics are an excellent line of _ -
defense toward viral infection, it also would be valuable CH CH
\ (CH5)11CH3
to eliminate the transmission of viruses before they /

cause disease in their host. By developing antimicrobial // * \/\

surface coatings, we have investigated reducing the Jn

™~

transmission of bacteria and viruses from contaminated Figure 1-2. Chemical structure of N,N-
dodecyl,methyl-polyethylenimine
surfaces. Previously, our lab has developed (DMPEI).

antimicrobial PEI-based (PEI = polyethylenimine) surface coatings which are lethal to

1527-31
’ In

Staphylococcus aureus, Escherichia coli, Candida albicans, and influenza. Chapter 4 of

this thesis, I discuss my studies characterizing our most efficacious antimicrobial coating, N,N-

dodecyl,methyl-polyethylenimine (DMPEI) (Figure 1-2), against the previously untested herpes
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simplex virus (HSV). In this chapter, surface-immobilized and suspended modalities of DMPEI
are explored for their ability to reduce viral infectivity in aqueous solutions containing herpes
simplex viruses (HSVs) 1 and 2. In our experiments, DMPEI coated on either polyethylene slides
or male latex condoms dramatically decreased infectivity in solutions containing HSV-1 or HSV-
2. Moreover, DMPEI suspended in aqueous solution markedly reduced the infectious titer of the
HSVs. These results suggest potential uses of DMPEI for both prophylaxis (in the form of coated
condoms) and treatment (as a topical suspension) for HSV infections.

Earlier work with our antimicrobially coated surfaces (whether covalently or non-
covalently) involved bacteria, fungi, and enveloped viruses (namely, influenza and
HSVs). 131628311 Chapter 5, we explored whether our PEI-based hydrophobic polycations were
active against the mon-enveloped poliovirus and rotavirus. We discovered that covalently
derivatizing glass surfaces with branched N,N-hexyl,methyl-PEI (HMPEI) or physically
depositing (“painting”) linear DMPEI onto polyethylene surfaces enables the resultant coated
materials to quickly and efficiently disinfect aqueous solutions containing poliovirus and
rotavirus. Subsequent experiments revealed that washing these poliovirus-exposed DMPEI-
coated surfaces with a detergent could recover the viruses in their infectious form. Therefore,
HMPEI and DMPEI can disinfect solutions containing poliovirus and rotavirus by adsorption of
viral particles.

In addition to the spread of disease via fomites as described above, many consumer goods
must be protected from bacterial and fungal colonization to ensure their integrity and safety. By
making these items’ packaging biocidal, the interior environment can be preserved from
microbial spoilage without altering the products themselves. In Chapter 6, we briefly review

this concept, referred to as “active packaging”, and discuss existing methods for constructing
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active packaging systems, highlighting the work done in this regard in our lab. The methods
described are based on either packaging materials that release biocides or those that are
themselves intrinsically biocidal (or biostatic), with numerous variations within each category.
B. References

1. Knipe DM, Howley PM. 2007. Fields' Virology. Philadelphia Wolters Kluwer
Health/Lippincott Williams & Wilkins.

2. Gubareva LV. 2004. Molecular mechanisms of influenza virus resistance to
neuraminidase inhibitors. Virus Res. 103(1):199-203.

3. Pielak RM, Schnell JR, Chou JJ. 2009. Mechanism of drug inhibition and drug resistance
of influenza A M2 channel. Proc Natl Acad Sci. 106(18):7379-7384.

4. Piret J, Boivin G. 2011. Resistance of herpes simplex viruses to nucleoside analogues:
mechanisms, prevalence, and management. Antimicrob Agents Ch. 55(2):459-472.

5. De Clercq E. 2006. Antiviral agents active against influenza A viruses. Nat Rev Drug
Disc. 5(12):1015-1025.

6. Hayden FG, Pavia AT. 2006. Antiviral management of seasonal and pandemic influenza.
I Infect Dis. 194(Supplement 2):S119-S126.

7. De Quadros CA, Andrus JK, Olive JM, de Macedo CG, Henderson DA. 1992. Polio
eradication from the Western Hemisphere. Annu Rev Publ Health. 13(1):239-252.

8. Orenstein WA, Papania MJ, Wharton ME. 2004. Measles elimination in the United
States. J Infect Dis. 189(Supplement 1):S1-S3.

9. Barouch DH. 2008. Challenges in the development of an HIV-1 vaccine. Nature

455(7213):613-619.

17



10. Johnston MI, Fauci AS. 2008. An HIV vaccine—challenges and prospects. N Eng J Med.
359(9):888-890.

11. Rajéani J, Durmanova V. 2006. Developments in herpes simplex virus vaccines: old
problems and new challenges. Folia Microbiol. 51(2):67-85.

12. Perez-Tirse J, Gross PA. 1992. Review of cost-benefit analyses of influenza vaccine.
Pharmacoeconmics. 2(3):198-206.

13. Leroux-Roels [, Leroux-Roels G. 2009. Current status and progress of prepandemic and
pandemic influenza vaccine development. Expert Rev Vaccines. 8(4):401-423.

14. Smith NM, Bresee JS, Shay DK, Uyeki TM, Cox NJ, Strikas RA. 2006. Prevention and
control of influenza: recommendations of the Advisory Committee on Immunization Practices
(ACIP). Morbid Mortal Week Rep. 55(RR-10):1.

15. Klibanov AM. 2007. Permanently microbicidal materials coatings. J Mat Chem.
17(24):2479-2482.

16. Larson AM, Oh H, Knipe DM, Klibanov AM. 2013. Decreasing herpes simplex viral
infectivity in solution by surface-immobilized and suspended N, N-dodecyl,methyl-
polyethylenimine. Pharm Res. 30(1):25-31.

17. Lamb RA, Krug RM. 2007. Orthomyoxoviridae: The viruses and their replication. In:
Fields’ Virology. Eds., Knipe DM, Howley PM. 5th ed. Philadelphia: Wolters Kluwer Health/
Lippincott Williams & Wilkins.

18. Weight AK, Haldar J, Alvarez de Cienfuegos L, Gubareva LV, Tumpey TM, Chen J,
Klibanov AM. 2011. Attaching zanamivir to a polymer markedly enhances its activity against

drug-resistant strains of influenza A virus. J Pharm Sci. 100(3):831-835.

18



19. Kozakov D, Chuang G-Y, Beglov D, Vajda S 2010. Where does amantadine bind to the
influenza virus M2 proton channel? Trends Biochem Sci. 35(9):471-475.

20.  Bright RA, Shay DK, Shu B, Cox NJ, Klimov Al 2006. Adamantane resistance among
influenza A viruses isolated early during the 2005-2006 influenza season in the United States.
JAMA. 295(8):891-894,

21. Bright RA, Medina M-j, Xu X, Perez-Oronoz G, Wallis TR, Davis XM, Povinelli L, Cox
NJ, Klimov AI 2005. Incidence of adamantane resistance among influenza A (H3N2) viruses
isolated worldwide from 1994 to 2005: a cause for concern. Lancet 366(9492):1175-1181.

22. Haldar J, Alvarez de Cienfuegos L, Tumpey TM, Gubareva LV, Chen J, Klibanov AM.
2010. Bifunctional polymeric inhibitors of human influenza A viruses. Pharm Res. 27(2):259-
263.

23. Lee CM, Weight AK, Haldar J, Wang L, Klibanov AM, Chen J. 2012. Polymer-attached
zanamivir inhibits synergistically both early and late stages of influenza virus infection. Proc
Natl Acad Sci. 109(50):20385-20390.

24. Mammen M, Choi S-K, Whitesides GM. 1998. Polyvalent interactions in biological
systems: implications for design and use of multivalent ligands and inhibitors. Angew Chemie
Int Ed. 37(20):2754-2794.

25. Sigal GB, Mammen M, Dahmann G, Whitesides GM. 1996. Polyacrylamides bearing
pendant a-sialoside groups strongly inhibit agglutination of erythrocytes by influenza virus: the
strong inhibition reflects enhanced binding through cooperative polyvalent interactions. J] Am

Chem Soc. 118(16):3789-3800.

19



26. Choi S-K, Mammen M, Whitesides GM. 1997. Generation and in situ evaluation of
libraries of poly (acrylic acid) presenting sialosides as side chains as polyvalent inhibitors of
influenza-mediated hemagglutination. ] Am Chem Soc. 119(18):4103-4111.

27. Park D, Wang J, Klibanov AM. 2006. One-step, painting-like coating procedures to make
surfaces highly and permanently bactericidal. Biotechnol Prog. 22(2):584-589.

28. Haldar J, An D, Alvarez de Cienfuegos L, Chen J, Klibanov AM. 2006. Polymeric
coatings that inactivate both influenza virus and pathogenic bacteria. Proc Natl Acad Sci.
103(47):17667-17671.

29. Haldar J, Chen J, Tumpey TM, Gubareva LV, Klibanov AM. 2008. Hydrophobic
polycationic coatings inactivate wild-type and zanamivir- and/or oseltamivir-resistant human and
avian influenza viruses. Biotechnol Lett. 30(3):475-479.

30. Haldar J, Weight AK, Klibanov AM 2007. Preparation, application and testing of
permanent antibacterial and antiviral coatings. Nat Protoc. 2(10):2412-2417.

31. Hsu BB, Wong SY, Hammond PT, Chen J, Klibanov AM. 2011. Mechanism of
inactivation of influenza viruses by immobilized hydrophobic polycations. Proc Natl Acad Sci.

108(1):61-66.

20



CHAPTER 2

Conjugating drug candidates to polymeric chains does not necessarily enhance anti-influenza

activity

The work presented in this chapter was published in the following manuscript and is reproduced
with kind permission from Wiley Periodicals, Inc (Copyright © 2012):

Larson AM, Wang H, Cao Y, Jiang T, Chen J, Klibanov AM. 2012. Conjugating drug candidates
to polymeric chains does not necessarily enhance anti-influenza activity. J Pharm Sci.

101(10):3896-905.
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A. Introduction

Influenza A virus is highly transmissible and kills over 250,000 people worldwide each
year. In the United States alone, some 20% of the population contracts the virus annually,
leading to countless missed days of work and school and tens of billions of dollars in associated
costs.'* Two of the FDA-approved drugs for the treatment of influenza infections, oseltamivir
(Tamiflu™) and zanamivir (Relenza™), have fallen short of expectations due to their mediocre
activity in reducing the symptoms and duration of the infection, as well as emerging resistance in
clinical isolates.>™ Thus new and more effective anti-influenza therapeutic agents are greatly
needed.

One proposed strategy for generating more potent inhibitors of influenza is to utilize the
benefits of multivalency.>**!! Conjugating multiple copies of influenza inhibitors to a flexible
polymeric chain has been shown to result in multivalent interactions between the polymer-
attached inhibitors and the viral surface receptor proteins.>**!! These enhanced interactions, in
turn, lead to a much stronger binding compared to that of the small-molecule parents stemming
from favorable entropic factors; additionally, water-swollen polymeric chains may sterically
hinder physical contacts between the virus and the target cell.®

The foregoing benefits of multivalency for binding to influenza virus have been
demonstrated for viral surface proteins with the natural ligand of hemagglutinin, MN-
acetylneuraminic (sialic) acid, and with the neuraminidase inhibitor zanamivir.>*$!! However,
both of these compounds are structurally complex, requiring many-step syntheses to become
amenable to attachment to polymeric chains in order to investigate the effect of multivalency.**
They are also difficult to modify selectively and thus not optimal for structure-activity

relationship (SAR) studies. In the present work, we instead have employed simple organic
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molecules'? (Figure 2-1) with anti-influenza properties to investigate the SAR of multivalency.
In particular, we have assessed whether the aforementioned potential benefits of multivalency

invariably translate into greater anti-influenza activity.

Figure 2-1. Chemical structures of (A) S-hydroxynaphthalene-1,4-dione (1) and its analogs 4, 7, 10, and
13 used in this study; (B) modified 10 with an azide-terminated spacer arm (15) for use in conjugating to
propargylamine-derivatized poly-L-glutamate and 10 derivatized with a spacer arm (16) for investigation
of the dependence of ICs on the presence of the spacer arm by itself with no polymer.
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B. Results and Discussion

Since the inherent structural complexities of zanamivir and sialic acid do not allow for
easy manipulations, for our SAR studies we chose to investigate whether there were simpler
molecules also possessing anti-influenza activity. In the scholarly study by Bodian e al.,'?

expanded by others," docking simulations were performed to discover small organic molecules
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that bind to the hemagglutinin protein on influenza A viral strain X31 (H3N2) and stabilize the
protein in its native conformation. This stabilization was proposed to hinder the conformational
changes necessary for cell-viral membrane fusion, which is an essential step in the influenza
infection cycle."” Specifically, the binding site explored was a region approximately half-way
between the most outer tip of the hemagglutinin protein and the viral membrane near the fusion
peptide.'? These docking studies resulted in a group of benzoquinones and hydroquinones as
potential ligands to bind to hemagglutinin and inhibit the aforementioned conformational

change. 2
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Figure 2-2. Chemical structures of anti-hemagglutinin agents previously described in the literature: (A)
NeuSAc30F-DSPE; ' (B) N-(2,8-dimethyl-3-0xo-1-thia-4-azaspiro[4.5]decan-4-yl)-6-methylimidazo [2,1-
b]thiazole-5-carboxamide; ° (C) 4-amino-5-chloro-2-hydroxy-N-((2S,6R,9aR)-6-methyloctahydro-1H-
quinolizin-2-yl)benzamide; '* (D) N-(3-cyanophenyl)-N-methyl-2-phenylcyclohexanecarboxamide; 7 (E)
methyl-O-methyl-7-ketopodocarpate; 18 (F) 3-fluoro-N-(2-(piperidin-1-yl)ethyl)-5-
(trifluoromethyl)benzamide, '* It is worth noting that 1 is a more potent anti-influenza inhibitor than
compound F (ICs, of 315 pM),]‘” on par with compounds A, B, and C (ICs,’s of 5.6, 3-23, and 3-8 uM,
respectively),'*'® and less potent than compounds D and E (ICs,’s of 98 and 31 nM, respectively).'”'®
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One of the foregoing compounds, 5-hydroxynaphthalene-1,4-dione (1), was selected as a
starting point for our studies. Using the plaque reduction assay method to test 1 for putative anti-
influenza activity against the Wuhan strain of the influenza A virus, we indeed found it to be a
moderate inhibitor with an ICsy value of 4.7 + 1.5 uM (Table 2-1, 1 entry). While other

unnatural anti-hemagglutinin inhibitors exist (Figure 2-2),'*1°

all are structurally more complex
than 1. Therefore, we decided to continue our studies herein with compound 1.

In light of the previous studies with polymer-attached zanamivir and sialic acid,>**!! we
next tested whether covalent conjugation of multiple copies of 1 to a polymeric chain would
increase anti-influenza potency. To this end, 1 was attached to the physiologically benign and
biodegradable polymer poly-L-glutamate at ~10% loading (i.e., with approximately one tenth of
all monomeric units being derivatized with the inhibitor). The resultant polymeric inhibitor 2a
(Figure 2-3) exhibited an over 10-fold better ICso value compared to its monomeric counterpart 1
(Table 2-1, 2™ entry), presumably due to the phenomenon of multivalency. Interestingly,
lowering the degree of loading of the inhibitor on the polymer from 10% to 5% (to yield 2b)
failed to improve the antiviral potency (Table 2-1), suggesting that the polymer-conjugated
ligand molecules do not interfere with each other’s ability to inhibit the virus at these loadings.

One can readily envisage how steric constraints imposed by the polymeric chain may
hinder the ability of the inhibitor to bind to its viral receptor, thus masking the true power of
multivalency. This hypothesis was verified by inserting a nine-atom spacer arm between the
polymer and 1, resulting in compound 3. As seen in Table 2-1, this insertion indeed dramatically
improved the ICsp value: 20-fold over 2a and some 240-fold over 1.

To examine the generality of these findings, several structural analogs of 1, not

previously identified as anti-influenza inhibitors,'? were tested, along with their synthesized
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Figure 2-3. Chemical structures of anti-influenza inhibitors attached to poly-L-glutamate (A) with no
spacer arm; (B) via a nine-atom spacer arm intended to reduce the putative steric hindrances imposed by
the polymeric chains; (C) with the polymeric backbone of varying degrees of electrostatic charge.
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Table 2-1. ICso values for both small molecules and their polymer-attached derivatives against
the Wuhan strain of influenza A virus.

Inhibitor ICso (uM)“
1 47+1.5
2a 0.40 +0.20
2b 0.87+0.14
3 0.020 + 0.006
4 95+ 22
Sa 13£72
5b 13+£2.7
6 25+1.6
7 >100
8 33+£7.0
9 0.72 £0.21
10 57+1.7
11 1810
12 0.11+£0.070
13 5.7+0.70
14 0.18+0.010

“ The plaque reduction assay experiments were run at least in triplicate; the calculated mean and standard
deviation values are presented in the table. The ICs, values are expressed based on the concentration of
the small-molecule inhibitor. The ICs, value of bare poly-L-glutamate was found to exceed 1 mM and
thus should not appreciably contribute to the extent of inhibition.

poly-L-glutamate conjugates, against the Wuhan influenza strain. 5-Hydroxy-3,4-
dihydronaphthalene-1(2H)-one (4) and 2-hydroxy-3-methylnaphthalene-1,4-dione (7) both were
found to be inhibitors, albeit much weaker ones than 1. Conjugating them to the polymer

directly, i.e., with no spacer arm (to produce 5a or 5b depending on the degree of loading and 8,
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respectively) led to marked (7 and >3-fold, respectively) improvements in the antiviral potency
(Table 2-1). Moreover, as seen in Table 2-1, when the nine-atom spacer arm was inserted to
further distance the ligand from the polymeric chain (to form 6 and 9, respectively), the
inhibitory potency in both cases rose another several-fold to reach the overall improvement
compared to those of the parents 4 and 7 of 38-fold and >140-fold, respectively.

The same general trend of a dramatically enhanced inhibitory potency upon attachment to
the polymeric chain via the spacer arm was observed with yet another analog of 1 tested, namely
5-hydroxy-2-methyl-1,4-naphthalenedione (10). This compound, which differs from 1 only by a
methyl substituent in the benzoquinone portion of the molecule, exhibited an ICs, value
comparable to that of 1; converting it to 12 produced a 52-fold jump in inhibitory activity (Table
2-1). Interestingly, however, in the cése of 10 attached to the polymer with no spacer arm (11),
no increase (and, in fact, a sizeable decline) in the potency was observed (Table 2-1), illustrating
how subtle the SAR is.

The poly-L-glutamate conjugate of 13 (in the absence of a nine-atom linker), 14,
exhibited a greater than 30-fold improvement over its monomeric counterpart (Table 2-1)
demonstrating that attachment through the 6C position in the naphthoquinone moiety does not
have a deleterious effect on the inhibitor improvement; in fact, it generated the most potent non-
linker conjugated inhibitor.

In addition to a striking improvement in the inhibitory potency of the ligands upon
conjugating them to poly-L-glutamate via the long spacer arm, their toxicity also diminished. In
particular, both for 2a, 2b, and 3 vs. 1 and for 11 and 12 vs. 10 the cellular toxicity was at least
an order of magnitude lower. For example, when compound 1 was used in the infection phase of

the plaque reduction assay, cells that were incubated with the concentrations of inhibitor greater
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than, or equal to, 30 uM displayed obvious fatal demise. In contrast, cells incubated with even
greater than 300 uM concentrations of polymer-attached inhibitors 2a, 2b, and 3 were healthy
and seemingly unaffected by the presence of inhibitor. Presumably, sequestering the toxic small
molecules (50% cell cytotoxicity concentration, CCsp, of ~30 pM for 1'% to the polymer
prevents them from traversing the cellular membrane and exerting deleterious effects within the
cell.

To determine to what extent the foregoing findings apply to other influenza A viruses, we
selected two additional strains, namely the avian turkey and the human PRS strains. Both strains
have different serotypes of the hemagglutinin and neuraminidase proteins compared to Wuhan’s,
leading to subtle differences in the amino acid composition and structure of these proteins.*’
Using the plaque reduction assay, we tested the monomeric inhibitors 1, 7, 10, and 13, as well as
those attached to poly-L-glutamate either via the nine-atom spacer arm (compounds 3, 6, and 12)
or directly (14). As in the case of the Wuhan strain, 1, 10, and 13 were substantial inhibitors of
the viruses, whereas 7 was not (Table 2-2), suggesting similarities in the receptors’ binding sites
of all three strains. And yet, in stark contrast to the observations made with the Wuhan strain
(Table 2-1), conjugation to the polymeric chains even via a long spacer arm not only failed to
result in a significant improvement of the anti-influenza potency but, in the case of 1 and 10,
actually made it markedly worse, i.e., increased the ICsq values (Table 2-2). For 14, conjugation
of the inhibitor to the polymer though the C6 position in the naphthoquinone also caused a
substantial deterioration in potency for both turkey and PR8 strains suggesting that the site of the
linker’s attachment is not entirely responsible for the reduction in inhibition.

We hypothesized that perhaps the addition of the linker group itself imposed new steric

hindrances for binding of the inhibitor to the receptor sites on the turkey and PRS8, but not
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Table 2-2. 1Cs values for both small molecules and their polymer-attached derivatives against
the PR8 and turkey strains of influenza A virus.

Inhibitor ICso (uM)*
PRS turkey
1 13+1.6 47+1.6
3 140 + 45 84 +23
7 >100 >100
9 99+ 16 100 £5
10 14+ 1.6 17+1
12 150£10 53+20
13 14+1.0 53+£23
14° 120 £ 19 >298

“ The plaque reduction assay experiments were run at least in triplicate; the calculated mean and standard
deviation values are presented in the table. The ICs, values are expressed based on the concentration of
the small-molecule inhibitor. The ICs, values for compounds 4 and 6 exceeded 170 uM for both viral
strains. Thus they were not included in this table because no definitive conclusions concerning the effect
of attachment to the polymer can be made.

*All polymer conjugates characterized in this table contain the nine-atom spacer arm, except for 14 which
comprises 13 conjugated directly to poly-L-glutamate.

the Wuhan, strains of the virus. This would inevitably lead to a diminished ability of the inhibitor
to bind to its receptor when subsequently attached to poly-L-glutamate. To test this hypothesis,
we focused on the compound 10 group of inhibitors and synthesized compound 16 containing the

same chemical structure as the inhibitor plus the spacer arm portion of 12 but in the absence of
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polymer. As seen in Table 2-3, 16 indeed exhibited a drastically poorer anti-influenza inhibition
against all three viruses compared to the parent compound 10.

Thus the deteriorated inhibition potency upon attachment of the nine-atom spacer arm
indeed may account for at least some of the inferior inhibition observed for compounds 3, 9, and
12 compared to their monomeric precursors 1, 7, and 10, respectively, against the turkey and
PR8 strains. However, in order for 12 to exhibit the multivalency benefits over 16 of greater than
100-fold (as it did with Wuhan strain, Table 2-3), the ICso value of 16 would have to be at least
10* uM for the PR8 and turkey strains. The results of the plaque reduction assay suggest that this
is not the case though: a reduction in plaque numbers for both of these strains upon incubation
with 90 uM 16 indicated that the I1Cs, was close to 100 uM (data not shown). The exact ICsq for

16 was not measurable however, due to cytotoxicity of the compound.

Table 2-3. 1Cs, values for compounds 10, 12, and 16 against three influenza A virus strains

Inhibitor ICso (UM)*
Wuhan PR8 turkey
10 5.7+£1.7 14+ 1.6 17+1
12 0.11+£0.070 150 £ 10 53+£20
16 45+ 8 >100” >100°

“The plaque reduction assay experiments were run at least in triplicate; the calculated mean and standard
deviation values are presented in the table. The ICs; values are expressed based on the concentration of
the small-molecule inhibitor.

» Although the ICs, values for the turkey and PR8 strains could not be conclusively determined because
the 50% cell cytotoxicity concentration (CCsy) for 16 only slightly exceeded 100 uM, there was a visible

reduction in plaques upon incubation with 90 uM of 16.
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Next we investigated the role of the polymer’s charge in antiviral activity. To this end,
two new polymer conjugates with compound 10 attached via the nine-atom spacer arm (17 and
18) were prepared and tested against the Wuhan and turkey strains. Compound 17, containing a
neutral poly-L-glutamine backbone, showed modest improvements for the turkey strain over its
negatively charged analog 12 but failed to exhibit a great enhancement over the monomer 10
(Table 2-4). Conversely, for the Wuhan strain, 17 demonstrated an almost 50-fold improvement
over the monomer, similar to that afforded by compound 12 (Table 2-4). Likewise, compound 18
(containing a partly negatively-charged backbone) displayed no great enhancement for the turkey
strain while exhibiting an almost 40-fold improvement over 10 for the Wuhan strain. These
results indicate that the charge on the polymeric chain cannot account for the striking differences

observed between the turkey and Wuhan strains for monomeric vs. polymer-attached inhibitors.

Table 2-4. Comparison of ICsy values for 5-hydroxy-2-methyl-1,4-naphthalenedione (12)
conjugated to polymers of varying degrees of backbone charge against the Wuhan and turkey
strains of influenza A virus.

Inhibitor ICso (uM)?
Wuhan turkey
12 0.11+0.070 53+20
17 0.12+0.061 7.4+£39
18 0.15£0.035 35+9.0

“The plaque reduction assay experiments were run at least in triplicate; the calculated mean and standard
deviation values are presented in the table. The ICs, values are expressed based on the concentration of
the small-molecule inhibitor.
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To determine whether the difference in improvements for polymer-attached conjugates
over monomeric inhibitors between the Wuhan and turkey strains was an artifact of our
biological assay, i.e., whether the inhibitor was brought into contact with the virus at the
inappropriate time during infection, we performed an additional plaque assay with 10 and 12
present not only during the pre-incubation and binding (as is conventionally done) but also with
the inhibitor in the agar overlay. This modality of the plaque reduction assay exposes cells and
viruses to the inhibitor for the entirety of the first and subsequent infection phases leaving the
inhibitor available for all steps in the viral cycle and not just for binding or endocytosis. In this
experimental mode, the inhibitory effect of 10 and 12 for the Wuhan strain changed only
modestly: ICso’s of 2.4 + 0.39 uM and 0.061 + 0.045 uM, respectively, for incubation of
inhibitor in the agar overlay vs. 5.7 =+ 1.7 uM and 0.11 + 0.070 pM for our conveﬁtional
experiment. For the turkey strain, the inhibition by the monomer (10) improved more (ICso of 17
£ 1.0 uM when not included in the agar and 2.9 + 0.49 uM when included in the agar) but the
polymer-attached inhibitor’s (12’s) ICs exceeded 5 uM; these observations confirm that the lack
of improvement for polymer-attached inhibitors against the turkey strain was not an artifact of
our biological assay.

We then hypothesized that the preferred binding sites of the monomeric vs. the polymer-
attached inhibitors might be distinct between the strains, thus being responsible for their vastly
different inhibitory properties. To explore this possibility, we ran in silico docking experiments
to determine the preferred binding sites for the monomeric inhibitor 10 and the linker-attached
inhibitor 16 for the PR8 strain and a Wuhan surrogate strain, X31 (both Wuhan and X31 are
H3N2). Note that the X-31 strain has a 87% sequence identity for the HA1 strand of the

hemagglutinin molecule compared to the Wuhan strain (the HA2 Wuhan sequence is
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2122 (for comparison, the PR8’s HA1 strand has just a 33% sequence identity™). As

unavailable)
seen in Figure 2-4A, for the X-31 strain both inhibitors bind in the same region of the
hemagglutinin protein; this region coincides with the crystallographically determined binding
site for zert-butyl hydroquinone (another fusion inhibitor described by Bodian et al.'*'?). In stark
contrast, for the PR8 strain, inhibitors 10 and 16 bind in vastly distinct locations on the

hemagglutinin protein, with as much as 40 A separating them (Fig. 2-4B). Note that 10 binds to a

similar location on the PR8 strain’s hemagglutinin as both 10 and 16 in the X-31’s protein;

Figure 2-4. The docking results for inhibitors 10 and 16 (both black) on the hemagglutinin protein
(grey) of the X-31 strain (a surrogate used to represent the Wuhan strain) (A, left panel) and of the
PR3 strain (B, right panel) of influenza A virus. As seen in A, the binding sites on the protein for the
two inhibitors overlap in the former case. In contrast, the distance between the binding sites for the
two inhibitors in B is some 40 A indicating that the molecules bind to the protein in vastly distinct
locations. The images, generated in Pymol, depict only 10 and 16 docked on one hemagglutinin
monomer for each viral strain.
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however, 16 on the PRS8 strain’s hemagglutinin binds in a region that is closer to the viral
envelope, thereby possibly hindering accessibility for the polymer-attached inhibitor.

One has to wonder why there are benefits of multivalency for all the compounds tested
attached via a long spacer arm to a poly-L-glutamate for one strain of influenza, but not for the
other two (Tables 2-1 and 2-2). It is unlikely that the observed differences in inhibition among
viral strains are due to dissimilar spacing of hemagglutinin molecules along the viral surface
among different strains. There are ~400 hemagglutinin molecules on a given viral particle of
roughly the same size regardless of the influenza virus strain. Since the mechanism of viral
particle formation is the same for different strains, the spacing among hemagglutinin molecules
on average should be similar as well.® The binding of the first polymer-attached inhibitor
molecule to hemagglutinin is also unlikely to prevent binding of all the others. Although the
binding of the first inhibitor molecule indeed might make it sterically impossible for a second,
nearby counterpart to bind to hemagglutinin, that cannot be the case for more distant polymer-
attached inhibitor molecules. Since our (~10% derivatized) polymeric chain contains some 50
randomly distributed inhibitor molecules, most of them should be sufficiently remote from the
first one bound to interact with another hemagglutinin molecule.

The three influenza strains undoubtedly have some differences in the binding site for
these inhibitors;”’ in the case of the turkey and PR8 strains, these differences might interplay
with the polymer and/or linker deleteriously to weaken the binding of the conjugated inhibitor to
the virus. Additionally, the topology of the viral surface might introduce accessibility problems
for the inhibitors once they are attached to the bulky, hydrated polymeric chain. In previous
studies investigating the effect of multivalency on anti-influenza inhibitors, the receptor of the

multivalent ligand was proximal to the solvent-exposed outer edge of the surface protein.>*%1!
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Although the exact location of binding of 1 and its analogs to hemagglutinins in the strains
studied herein is unknown, our docking studies (Fig. 2-4) predict that for 10 and 16 the site is
located approximately half-way down the protein for the X-31 strain and close to the viral
envelope for the linker-attached inhibitor (16) on the PR8 strain.'? Perhaps while a small
molecule readily accesses regions down the stock of the protein, conjugation to a bulky
polymeric chain hampers the access below the dense canopy of proteins on the viral surface.

The concept of multivalency stipulates that several simultaneous interactions of ligands

and receptors should result in a stronger, multipoint inhibitor-virus binding and hence give rise to

O

Figure 2-5. A cartoon depicting a multivalent vs. a monovalent interaction of an inhibitor with the virus.
The top panel (A) depicts a polymer-attached inhibitor (polymer is black line, inhibitors are open circles)
interacting with a viral envelope containing the receptors of the inhibitor (grey part-circle is the viral
envelope, white open half-circles are receptors, dotted lines indicate a binding interaction). Attaching
multiple copies of the inhibitor to a polymeric chain can result in a multivalent and hence much stronger
interaction with the viral receptors. The bottom panel (B) depicts a monovalent interaction of parent
inhibitor molecules with a viral receptor. In this case, the individual inhibitor molecules act independently
of each other in binding to their receptors and hence do not benefit from entropically enhanced binding
(i.e., from multivalency).
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more potent inhibitors (Figure 2-5).° Our results herein suggest, however, that this is indeed the
case only if attaching an inhibitor to a polymeric chain does not impose negative spatial
constraints not outweighed by the inherent benefits of multivalency. Since it is unknown in
advance whether this will be the case, our data illustrate that the superiority of multivalent
inhibitors of a virus compared to their monovalent predecessors cannot be automatically
assumed.
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C. Materials and Methods
Materials

All small-molecule inhibitors except for 13, poly-L-glutamate Na salt (50 -100 kDa),
solvents, and reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) and
used without further purification. Dialysis membranes (3,500 kDa molecular weight cutoff) were
from Spectrum Labs (Rancho Dominguez, CA) and PD-10 desalting columns from GE
Healthcare (Buckinghamshire, U.K.).
Syntheses

Synthesis of 6-(hydroxymethyl)naphthalene-1,4-dione (13) was carried out as
described by Antonini et al.?*

Synthesis of 2a, 2b, 5a, Sb, 8, 11, and 14: Conjugation was carried out via a Steglich

esterification with minor deviations from a reported procedure.? Specifically, poly-L-glutamate
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Na salt was converted to poly(L-glutamic acid) by dissolution in double-distilled (dd) H,O,
lowering the pH to 1, and washing with 0.10 M HCI to remove free salts before an overnight
lyophilization. Lyophilized poly(L-glutamic acid) (20 mg, 0.16 mmol) was dissolved in 0.80 mL
of dry dimethylformamide (DMF), followed by the addition of N,N'-dicyclohexylcarbodiimide
(DCC) (4.3 mg (0.021 mmol) in 0.30 mL of DMF for a ~10% derivatization), an anti-influenza
agent (0.050 mmol in 0.20 mL of DMF), pyridine (10 pL, 0.12 mmol), and a catalytic quantity of
4-dimethylaminopyridine (DMAP) in 0.40 mL of DMF with vigorous stirring. The solution was
stirred overnight at room temperature. The polymer was then isolated by precipitation in
chloroform, washed with fresh chloroform to remove the unreacted anti-influenza agent,
converted to the Na salt by dissolution in phosphate buffered saline (PBS), and dialyzed against
ddH>O in a 3,500-Da MW cutoff dialysis membrane for 24 hr to remove free salts and other
impurities. TLC using a 3:1 (v/v) ethyl acetate:hexanes mixture confirmed purity and
demonstrated the disappearance of the anti-influenza agent’s spot (for example, Rf 0.68 for 10).
Percent conjugation of the anti-influenza agent was calculated by means of '"H NMR in D0
using a Bruker 600 MHz instrument by comparing the ratio of the integration of a polymer peak
with that of an anti-influenza agent’s peak. In the case of a ~5% derivatization of the polymer
with anti-influenza agent, 2.0 mg/0.010 mmol of DCC was added to the reaction mixture (2b, 5b,
and 11). The NMR spectrum of 2a appears in appendix A.

'H NMR (D20) 8 (600 MHz) — for 2a and 2b: 1.6-2.0 (2H polymer, d, CH,), 2.1-2.5
(2H polymer, s, CH,), 4.0-4.4 (1H polymer, s, CH), 6.8-8.0 (5H, aromatics); for 5a and 5b: 1.8-
2.1 (2H polymer, d, CHy), 2.1 (2H, m, cyclohexyl CH,), 2.2-2.4 (2H polymer, s, CHy), 2.6 (2H,
m, cyclohexyl CH,), 2.8 (2H, m, cyclohexyl CH,), 4.2-4.4 (1H polymer, s, CH), 7.3-7.9 (3H,
aromatics); for 8: 1.6-2.0 (2H polymer, d, CH,, 3H, s, CH3), 2.1-2.5 (2H polymer, s, CH,), 4.0-
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4.4 (1H polymer, s, CH), 7.5-8.0 (4H, aromatics); for 11: 1.9-2.2 (2H polymer, d, CH,), 2.3 (3H,
s, CHs), 2.4-2.5 (2H polymer, s, CH;), 4.0-4.4 (1H polymer, s, CH), 6.9-8.2 (4H, aromatics); for
14: 1.6-2.0 (2H polymer, d, CH,), 2.0 (2H, s, CH,), 2.0-2.3 (2H polymer, s, CH,), 4.0-4.4 (1H
polymer, s, CH), 6.7-8.0 (4H, aromatics).

Synthesis of 3, 6, 9, and 12: The conjugation of the anti-influenza agents to the polymer
through a spacer arm was carried out via a Cu’-catalyzed [3+2] azide-alkyne cycloaddition in
three steps. First, poly-L-glutamate Na salt was derivatized with propargylamine as described by
Ochs et al.?® Next, anti-influenza agents were derivatized with a linker terminating with an azide
to be used in the subsequent cycloaddition. To this end, anti-influenza agent (0.30 mmol) was
dissolved in 8 mL of dry dichloromethane, followed by the addition of azidopentanoic acid (50
uL, 0.40 mmol), N, N'-diisopropylcarbodiimide (DIC) (60 pL, 0.40 mmol), pyridine (50 pL, 0.60
mmol), and a catalytic quantity of DMAP. The reaction mixture was stirred overnight,
concentrated by rotary evaporation, and purified by column chromatography (2:1 (v/v)
hexanes:ethyl acetate) to generate such compounds as 15 (Rf 0.6 for 15 visualized with UV
irradiation). For the conjugation of anti-influenza agents to the polymer via cycloaddition, the
alkyne-derivatized poly-L-glutamate Na salt (68 mg, 0.45 mmol) was dissolved in 1.5 mL of
ddH,0. The above-mentioned purified linker-derivatized anti-influenza agent (0.10 mmol) was
dissolved in 1.5 mL of rert-butanol and added to the water/polymer mixture. A 1.0 M aqueous
solution of Na ascorbate (75 uL) and a 0.10 M aqueous solution of CuSOy4 (50 uL) were then
added; the reaction mixture was incubated overnigh‘[,27 concentrated via rotary evaporation,
dissolved in PBS, run on a PD-10 desalting column, and dialyzed as above to remove unreacted
starting material and reagents. Polymer conjugates were analyzed as outlined above to quantify

derivatization. Examples of the NMRs spectra for 3 and 12 appear in Appendix A.
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'H NMR (D,0) & (600 MHz) — for 3: 1.5 (2H, m, CH,), 1.7-2.1 (2H polymer, d, CH,,
4H, m, CHa), 2.1-2.5 (2H polymer, s, CH,), 4.0-4.5 (1H polymer, s, CH, 4H, m, CH,), 6.8-8.0
(6H, aromatics); for 6: 1.7 (2H, m, CH,), 1.8-2.1 (2H polymer, d, CH,, 4H, m, CH,), 2.1 (2H, m,
cyclohexyl CHy), 2.1-2.5 (2H polymer, s, CH,), 2.6 (2H, m, cyclohexyl CHy), 2.7 (2H, m,
cyclohexyl CHy), 4.2-4.5 (1H polymer, s, CH, 4H, m, CHy), 7.2-8.0 (4H, aromatics); for 9: 1.5
(2H, m, CHy), 1.7-2.1 (2H polymer, d, CHa, 4H, m, CH,, 3H, s, CH3), 2.1-2.5 (2H polymer, s,
CHy), 4.2-4.5 (1H polymer, s, CH, 4H, m, CH,), 7.4-8.1 (41, aromatics); for 12: 1.6 (2H, m,
CHy), 1.7-2.1 (2H polymer, d, CHy, 4H, m, CH,, 3H, s, CH3), 2.1-2.5 (2H polymer, s, CH,), 4.2-
4.5 (1H polymer, s, CH, 4H, m, CHy), 6.5-8.0 (5H, aromatics).

Synthesis of 1-(5-((6-methyl-5,8-dioxo-5,8-dihydronaphthalen-1-yl)oxy)-5-
oxopentyl)-1H-1,2,3-triazol-4-yl)methanaminium (16) was carried out similarly to the
aforementioned cycloaddition. Briefly, 6-methyl-5,8-dioxo-5,8-dihydronaphthalen-1-yl 5-
azidopentanoate (15) (33 mg, 0.10 mmol) was dissolved in 1.5 mL of tert-butanol. To that
mixture, propargylamine (6.0 uL, 0.10 mmol) in 1.5 mL of ddH,O was added, followed by the
addition of a 1.0 M aqueous solution of Na ascorbate (75 uL) and a 0.10 M aqueous solution of
CuSOy4 (50 pL). The reaction was stirred overnight, concentrated by rotary evaporation, and
dissolved in ddH,O. Following the addition of chloroform the aqueous fraction was recovered,
dissolved in methanol, filtered, and concentrated for characterization by 'H NMR and for further
use in biological assays. The NMR spectrum for 16 appears in Appendix A.

'H NMR (MeOD) § (400 MHz) for 16: 1.6 (2H, m, CH>), 2.0 (2H, m, CHa,, 3H, s, CHj3),
2.7 (2H, m, CHy), 4.1 2H, m, CH,), 4.4 (2H, m, CH,), 6.6 (1H, s, H3 aromatic), 7.3 (1H, d, H8

aromatic), 7.7 (1H, dd, H7 aromatic), 7.9 (1H, d, H6 aromatic), 8.1 (1H, s, NCHC).
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Synthesis of 17 and 18: For 17, poly-L-glutamate Na salt was activated with
propargylamine as described above and then the remaining carboxylates were converted to their
free acids by reducing the pH, followed by the removal of water by freeze-drying. The resultant
compound (40 mg) was dissolved in 1.5 mL of DMF, then N-hydroxysuccinimide (NHS) (79
mg, 0.69 mmol) was added with stirring, and the temperature was reduced to 0 °C, followed by
an addition of DIC (108 pL, 0.69 mmol). The reaction mixture was stirred on ice for 30 min and
at room temperature for 3 hr, after which time an excess of aqueous NH;OH was added to
displace the NHS-ester moieties resulting in a neutral poly-L-glutamine.**® Conjugation of 15 to
the propargylamine-derivatized poly-L-glutamine was carried out via a cycloaddition as
described above. For 18, poly-L-glutamate Na salt was derivatized with propargylamine in the
same way as above, except that an excess of propargylamine (30 uL, 0.47 mmol) was added. For
derivatization with inhibitor, the reaction was performed as above, but only 0.1 mole-equivalents
of 15 was used. The NMR spectrum for 17 appears in Appendix A.

'H NMR (D,0) § (600 MHz) — for 17: 1.6 (2H, m, CH,), 1.8-2.2 (2H polymer, d, CH,,
4H, m, CH,, 3H, s, CH3), 2.2-2.4 (2H polymer, s, CH,), 4.2-4.5 (1H polymer, s, CH, 4H, m,
CHy), 6.4-8.0 (SH, aromatics); for 18: 1.6 (2H, m, CHy), 1.9-2.2 (2H polymer, d, CH,, 4H, m,
CH,, 3H, s, CH3), 2.2-2.5 (2H polymer, s, CH,), 2.6 (1H, s, CH), 3.9 (2H, s, CH,), 4.2-4.5 (1H
polymer, s, CH, 4H, m, CH,), 6.3-7.9 (5H, aromatics).

Cells, Viruses, and Antiviral Assays

Madin-Darby canine kidney (MDCK) cells were purchased from the American Type
Culture Collection (ATCC) and maintained as described by Haldar et al.®> The wild-type
influenza A viruses Wuhan/359/95 (Wuhan) (H3N2) and turkey/MN/833/80 (turkey) (H4N2)

were obtained from the U.S. Centers for Disease Control and Prevention (CDC), and the
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influenza A strain PR/8/34 (PR8) (HIN1) was purchased from Charles River Laboratories (North
Franklin, CT). The viruses were stored at -80°C and diluted in PBS prior to assays.

Plaque reduction assays with MDCK cells were conducted to determine the half-maximal
inhibitory concentration (ICs, value) for each compound tested using a literature methodology.**
For plaque reduction assays investigating the effect of inhibitor in the solid growth agar, equal
concentrations of the inhibitor were used during pre-incubation, infection, and in the nutrient
agar formulation.

Docking simulations

The hemagglutinin structures of the PR8 and X-31 strains of influenza A virus were
obtained from the Protein Data Bank (PDB: 1RU7 and 2HMG, respectively). The docking
studies for the hemagglutinin proteins and compounds 10 and 16 were performed with AutoDock
Vina® and AutoDock Tools interface. All rotatable bonds in the ligands were allowed to rotate
freely using the default settings. The search area, selected based on the previous studies with

12,13

influenza small-molecule hemagglutinin inhibitors, covered the majority of the grooves of

the protein. The final results were selected based on the best binding modes.
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CHAPTER 3

Conjugation to polymeric chains of influenza drugs targeting M2 ion channels partially restores

their inhibition of drug-resistant mutants

The work presented in this chapter will be published in the following manuscript:
Larson AM, Chen J, Klibanov AM. Conjugation to polymeric chains of influenza drugs targeting

M2 ion channels partially restores their inhibition of drug-resistant mutants. Submitted to the
Journal of Pharmaceutical Sciences.
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A. Introduction

Influenza viruses commonly infect the respiratory tract in humans' and are a major cause
of morbidity and mortality in the world>* Two of the four FDA-approved small-molecule anti-
influenza drugs — the adamantane-class M2 ion-channel inhibitors amantadine (1) and
rimantadine (2) (Fig. 1) — are no longer recommended as therapeutics because nearly every
circulating influenza A strain has evolved resistance to them.** These drugs block the M2 ion
channels on the surface of the virus,*” thereby preventing the flow of protons into the viral core
(an essential step in the viral infection cycle).? Resistance to 1 and 2 is due to point mutations in

the M2 ion channel protein, with the most common being the S3IN in the interior of the

channel.?
Because of the daunting
challenges in discovering new
+ - anti-influenza drugs, it would

NH3Cl
+ - be of great benefit to salvage
NH3CI

5 older FDA-approved drugs that

1

are impotent against newly

Figure 3-1. Chemical structures of both FDA-approved adamantane-
class M2 ion channel influenza A inhibitors no longer recommended
for therapeutic use: amantadine-HCI (1) and rimantadine-HCI (2).

emerged mutants. Previously,
we have demonstrated that the
attachment of multiple copies of the influenza neuraminidase inhibitor zanamivir to a flexible
polymeric chain not only dramatically improves the potency against drug-sensitive strains, but
also resurrects the inhibitory effect against zanamivir-resistant mutants.'™!! This phenomenon
appears to stem from two mechanisms. The first is multivalency, whereby several simultaneous
interactions between polymer-attached zanamivir and its viral target result in a far greater avidity
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compared to the monomer’s binding constant,'*'*"3

while also generating an increased drug
concentration in the vicinity of the virus."”> The second contributor to the improved potency is a
novel mechanism of inhibition, blocking earlier stages of the viral cycle, which monomeric
zanamivir lacks.> Herein we explore whether the approach of attaching multiple copies of

influenza drugs to polymeric chains can boost the adamantane inhibitors’ prowess against drug-

resistant influenza mutants (as it did with zanamivir'%).

B. Results and Discussion

To covalently attach multiple copies of amantadine (1) and rimantadine (2) to polymeric chains
without chemically modifying the amine moieties (revealed by protein X-ray crystallography to
be oriented toward interior of the virion upon binding® and hence presumably important), we
sought structural analogs of 1 and 2 with readily functionalizable groups on the opposite side of
the molecules. Since commercially available 3-amino-1-adamantanecarboxylic acid (3) and 3-(1-
aminoethyl)adamantan-1-ol (7) fit this description, we employed these molecules as starting

points.

@ &\-@NHme @\mﬁnm ‘——> }“@NH CI

J

Figure 3-2. Synthetic route to generate the 1-linker-azide compound (6) for subsequent covalent
attachment to poly-L-glutamate. Reagents employed: (a) Fmoc-Cl, Na,COs, H,O/acetone; (b) HBTU, 5-
azidopentan-1-amine, Hiinig’s base, THF; and (c) anhydrous acetonitrile/diethylamine. See Methods for
details.
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Both 3 and 7 were first derivatized for polymer attachment through a series of chemical
reactions depicted in Figures 3-2 and 3-3. Since our previous studies (albeit with another
influenza inhibitor-see chapter 2) demonstrated the benefits of a linker (spacer arm) between the

4 we also decided to insert a

drug and the polymeric backbone in reducing steric hindrances,
linker between 3 and 7 and the polymers used. As seen in Figs. 3-2 and 3-3, first the drugs’
amino groups were protected by Fmoc and Boc groups, respectively, followed by linker

attachment and amine deprotection to afford 1 and 2 with azide terminating linkers to be

subsequently used for conjugation to polymers. Our initial studies herein utilized poly-L-
4% = b -
HO ——g HO — o] —_— [¢]
NH, NHBoc O NHsCl
7

NHBoc )
8 9 11
b l

3 N3

N
C
_t . 0

o]
O NHBoc o NH;C?
10 12
o}
20
§

o]

Lo}

N3 Ns

Figure 3-3. Synthetic route to generate the 2-linker-azide compounds (11 and 12) for subsequent covalent
attachment to poly-L-glutamate and other polymers. Reagents employed: (a) di-zert-butyl dicarbonate,
dichloromethane; (b) 5-azido-pentanoic acid or 11-azido-3,6,9-trioxaundecanoic acid, DPTC, DMAP,
chlorobenzene (reflux); (¢) 4 M HCl in dioxane. See Methods for details.
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glutamate as a polymer because it is benign, freely water soluble, biodegradable, and non-

. .1
mmunogenic. 0

To verify which strains were drug-resistant to the adamantane-class of inhibitors, we
determined the ICso values for monomeric 1 against three representative influenza strains using
the plaque reduction assay. They were A/Wuhan/359/95 (herein denoted as “Wuhan”), a human
strain with no known resistance to the adamantane class of influenza inhibitors; A/PR/8/34
(herein denoted as “PR8”), a human strain with documented resistance to the ada.mantanes;15
and A/WSN/33 (herein denoted as “WSN™), a laboratory-adapted human strain also with known

resistance to the adamantanes.’> As seen in the Ist line of Table 3-1 (the first three data
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Figure 3-4. Chemical structures of poly-L-glutamate-attached conjugates of 1 and 2 at various degrees of
loading (% of derivatization).
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columns), the non-resistant Wuhan strain was quite sensitive to 1 with an ICs, of 60 + 24 uM. In
contrast, the drug-resistant PR8 and WSN strains were both far less sensitive toward the inhibitor
with much poorer ICsg values of 2.2 + 0.66 mM and 3.4 + 0.2 mM, respectively, thus illustrating

why 1 is no longer recommended for therapeutic use.

When 6 was attached to poly-L-glutamate at a ~7% loading (i.e., ~7% of all the
monomeric units on the polymeric chain were drug-decorated), the inhibition for the resultant
compound 13 (Figure 3-4) was nearly the same for the Wuhan and PRS$ strains; for WSN,
however, 13 was some 4-fold better inhibitor than 1 (Table 3-1, the first three data columns).
When the degree of loading was roughly doubled (to yield compound 14 in Fig. 3-4), the
inhibition for both the PR8 and WSN strains improved a few fold. Note that the original 1’s
precursor 3 could not be tested as a monomer in the plaque reduction assay to determine the
effect of adding a -COOH to the structure because of its poor solubility in PBS, which is the

medium used in our antiviral assays.

We then investigated whether an additional improvement in anti-influenza potency of our
polymer-conjugates 13 and 14 over the monomeric 1 could be attained by lengthening the time
of their contact with the viruses during the assay. In our standard plaque reduction assay
(designated as “Not in Agar” in Table 3-1), compounds are incubated with the viruses for 1 h
prior to infection and during the subsequent 1-h infection period. After that, the inhibitors are
removed, and fresh nutrient agar replaces them for the duration of the assay (while plaque
formation occurs). Therefore, in the next series of experiments, we decided to keep the inhibitors
present not only during those initial steps of the assay but also in an equal concentration in the

nutrient agar overlay to allow them to act on all subsequent steps in the viral cycle.
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As seen in Table 3-1 (the “In Agar” data columns), including the inhibitor for the entire plaque
reduction assay improved ICsy values in most instances. With 13 and 14, we observed no
improvement in ICsy values over 1 for the Wuhan strain but several-fold improvements for the
PR8 and WSN strains. Thus although the inclusion in the agar results in net lower ICsq values for
most of the compounds tested, a greater magnitude of the improvement over the monomer (1)
was seen when polymer conjugates were present only at initial steps of viral infection. Overall,
however, these data show a marginal recovery in inhibitory potency toward drug-resistant strains

when multiple copies of 1 are attached to poly-L-glutamate.

We next explored how the other FDA-approved M2 ion channel inhibitor, 2, as well as its
multiple copies attached to poly-L-glutamate, behaved against the aforementioned influenza
strains. As in the case of 1, the Wuhan strain was very sensitive to 2 with an even better ICs,
value of 2.7 £ 1.4 uM, while both the PR8 and WSN strains were far less sensitive with ICs,
values well into the low-single-millimolar range (Table 3-2), again confirming the reported drug
resistance patterns.’> We then tested the effect of the insertion of an OII group into the scaffold
of 2 (to yield 7, which was used in subsequent derivatization (Fig. 3-3)). Surprisingly, this small
group greatly diminished the inhibitory potency against the Wuhan strain raising the ICsy some
~90-fold (Table 3-2, first data column, 2nd line). The addition of an OH group also deleteriously,
albeit less drastically, affected the already sub-optimal inhibition for the resistant strains (Table

3-2, second and third data columns, 2nd line).

Covalent attachment of 11 to poly-L-glutamate at a ~10% loading (compound 15, Fig. 3-

4) afforded a significant improvement for all three viral strains over 7 (Table 3-2, the first three
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Table 3-1. The ICsg values for both monomeric 1 and its poly-L-glutamate conjugates against the Wuhan, PR8, and WSN strains of
influenza A virus.

ICsp (uM)*
“Not in Agar™® “In Agar™
Inhibitor Wuhan PRS8 WSN Wuhan PR8 WSN
1 (6.0+£24)x10" (22+0.6)x10° (3.4+0.2)x10° (3.8+0.7)x 10' >5 x 107 (1.8£0.1)x 10°

13 (85+47)x10" (14+02)x10° (7.8+£3.5)x10° (33+0.7)x 10" (12+0.1)x 10> (8.3 +0.3)x 10"

14 (44+01)x 10" (8.9£1.7)x10° (8.6+1.8)x10°> (49+14)x10' (22+03)x 10> (7.7£1.9)x 10’

* The plaque reduction assay experiments were run in triplicate; the calculated mean and standard deviation values are presented in the table. All
ICso values are expressed based on the concentration of 1.
> “Not in Agar” refers to an inhibitor present only in initial steps of infection, i.e., during a 1-h pre-incubation and subsequent viral binding to

MDCK cells.
¢ “In Agar” refers to an inhibitor present during all stages of viral infection, i.e., during a 1-h pre-incubation, subsequent viral binding to MDCK
cells, and the rest of the 72-h plaque reduction assay.
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data columns, 3rd line). When compared to the native inhibitor (2), however, the polymer
conjugation did not fully overcome the negative effects of the OH addition for the Wuhan strain
leaving the ICso value at 24 + 5 uM, i.e., some 10-fold inferior to 2’s. The attachment to poly-L-
glutamate at a ~10% loading did little for the inhibitory effect against the PR8 strain but

improved the ICsq for WSN some 4-fold over 2.

Since in our initial studies with 1 yielded an improvement when the loading of the
inhibitor on the polymeric chain was increased (Table 3-1), we explored whether 2 also followed
this trend. As seen in Table 3-2 (4™ line, the first three data columns), increasing the loading to
~20% (compound 16, Fig. 3-4) afforded some of the most potent poly-L-glutamate conjugates:
although the 1Cso for 16 was still 10-fold worse than 2’s for the Wuhan strain, for PR8 and WSN
we saw 8-fold and 30-fold improvements over 2, respectively. Interestingly, further increasing
the degree of loading to ~30% and ~43% (compounds 17 and 18, respectively, Fig. 3-4) gave

little additional improvement or even yielded worse inhibitors (Table 3-2).

When testing the polymeric inhibitors 15, 16, 17, and 18 for the duration of the plaque
reduction assay (Table 3-2, the “In Agar” columns), patterns similar to those in the experiments
with 1 were observed: the net ICs, was improved in most cases, but the magnitude of
improvement over the monomer (2) became smaller. The optimal degree of loading also became

less clear for the PR8 strain because all compounds had nearly the same ICs, values.

We next determined whether a longer and more hydrophilic spacer arm between 2 and
poly-L-glutamate would be of benefit. Figure 3-3 depicts the synthetic route to compound 12
which contains a hydrophilic, poly(ethylene glycol), linker and six extra atoms between the drug

and the polymeric chain. As seen in Table 3-2, when 12 is attached to poly-L-glutamate at

55



Table 3-2. The ICsq values for monomeric 2 and 7, as well as for the latter’s various polymer conjugates against the Wuhan, PR8, and
WSN strains of influenza A virus.

ICso (UM)*
“Not in Agar™ “In Agar™

Inhibitor Wuhan PRS WSN Wuhan PRS WSN
2 27+14 (13+0.09x10° (2.4+1.2)x10° 1.4+05 (3.0£0.6)x 10> (1.9+0.8) x 10°
7 (24+05)x10° (3.5+0.8)x 10’ >43x 10° (12+08)x 10> (8.6+1.1)x10° (5.0+0.9)x 10°
15  (28+04)x10" (1.5+£04)x10° (64+1.0)x10*> (8.0£3.5x10" (1.1+0.4)x 10> (4.2+0.3)x 10’
16  (2.5+05)x10" (1.5+08)x10° (7.7+0.7)x10" (4.8+32)x10' (1.4+04)x10* (5.0+1.3)x 10’
17 (14201)x10° (93+24)x10° (3.9+0.6)x10*> (1.5+0.09)x 10> (1.7£0.1)x 10 (1.8+0.09)x 10°
18 (8.0x1.7)x10° >1.4x10° >1.4x 10° (1.5£03)x 10> (1.2+£0.5)x 10> (1.8+0.4)x 10
19 (1.9+07)x 10> (1.1+04)x10° (92+4.1)x 10 Tox >125¢ Tox >125¢ Tox>1257
20 (49+£05)x10" (1.0£05)x10> (1.8+1.1)x10° (73+£18)x10" (1.1+£09)x10° (8.8+1.3)x 10’
21 (47+08)x 10" (7.6+£2.9x 10" (1.5+0.5)x 10 n.d. n.d. n.d.
22 (49+02)x 10" (1.3+0.5)x10° (1.1£0.5)x 10 n.d. n.d. n.d.
23 (64+1.6)x10" (6.0+3.6)x10° (20+£0.7)x 10> (12+03)x10* (9.9£0.5)x 10" (5.0 1.6)x 10’
24 2504 (1.2+0.5)x 10> (2.8+0.5)x 10° n.d. n.d. n.d.
25 (7.6+1.6)x10° (12+08)x10° (7.8+0.9)x 10 n.d. n.d. n.d.

“ The plaque reduction assay experiments were run in triplicate; the calculated mean and standard deviation values are presented in the table. All

ICs values are expressed based on the concentration of 2; n.d. stands for “not determined”.
? “Not in Agar” refers to an inhibitor present only in initial steps of infection, i.e., during a 1-h pre-incubation and subsequent viral binding to

MDCK cells.

““In Agar” refers to inhibitor present during all stages of viral infection, i.e., during a 1-h pre-incubation, subsequent viral binding to MDCK cells,

and the rest of the 72-h plaque reduction assay.
? The ICs, value could not be determined because concentrations below 125 pM were below the ICs, and concentrations above were toxic to the
MDCK cells (i.e. no plaques could be visualized)
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a ~10% loading to generate compound 19 (Fig. 3-4), there was little or no improvement in
inhibition over 2 (some 70-fold worse for the Wuhan strain, no change for PRS8, and
approximately a 3-fold improvement for WSN). When the loading was increased to ~20%
(compound 20), which was the optimal loading for the shorter and more hydrophobic linker, the
inhibition was improved compared to 19: only a 18-fold worse inhibition for the Wuhan strain

and a 13-fold improvements for both PR8 and WSN over 2 (Table 2-2).

When assaying 19 and 20 for the duration of the assay (Table 3-2, “In Agar”), no sizable
benefit to the longer incubation was observed and, in fact, 19 exhibited toxic effects in this
modality. Since the longer and more hydrophilic linker failed to generate major improvements

over the shorter and more hydrophobic linker, we decided to continue our studies with the latter.

To determine whether increasing hydrophobicity of the polymeric backbone by inserting
extra aromatic or aliphatic hydrophobic moieties into it would improve inhibition, perhaps due to
additional interactions between the polymer and the viral surface,'? we synthesized 21 containing
~20% of benzyl rings in addition to a ~15% loading of 2, as well as 22 containing ~25% of tert-
butyl substituents in addition to ~20% of 2 moieties (Figure 3-5). When conjugate 21 was tested
against all three influenza strains in the plaque reduction assay, we observed similar
improvements over 2 compared to that afforded by poly-L-glutamate with ~20% loading and no
additional hydrophobic moieties (16): some 18-fold weaker inhibition than the monomer for the
Wuhan strain and 16/17-fold improvements for WSN and PR8 (Table 3-2). Similarly, for the
tert-butyl-derivatized 2-poly-L-glutamate conjugate 22, we saw the same 18-fold decline in
improvement over 2 for the Wuhan strain and some 10- and 22-fold improvements over 2 for

PR8 and WSN, respectively. Therefore, although the addition of hydrophobic groups to the
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polymer backbone in some cases led to a modest improvement, there was no compelling reason

for their inclusion.

We also examined the role of the polymer characteristics in the conjugate’s inhibitory
potency. To this end, we first abolished the charge of the poly-L-glutamate backbone by
transforming it into the neutral poly-L-glutamine (compound 23, Figure 3-6). As seen in Table 3-
2, the neutralization of the polymer resulted in no additional improvements and, in fact, over 20-
fold weaker inhibition than with the monomeric 2 for the Wuhan strain. For PR8 and WSN, 23
afforded a 2-fold and 12-fold improvement, respectively, over 2. When incubated with the

Figure 3-5. Chemical structures of poly-L-glutamate derivatized with ~15% of 2 of plus ~20% of
benzylamine (21) and with ~20% of 2 plus ~25% of 2,2-dimethyl-1-propamine (22).
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viruses for the duration of the assay, 23 exhibited improvements over the monomer for the PR§
and WSN strains, but not marked ones (Table 3-2, “In Agar”). Thus, putative electrostatic
repulsions between the virus and polymer are not a significant factor in viral inhibition for our

. . . . . 2
system (in contrast to observations in previous studies'®!?).

To investigate how new, structurally-unrelated polymeric backbones would affect the
inhibition of drug-resistant influenza viruses by polymer-conjugated 2, the dissimilar linear
polymers poly(acrylic acid Na salt) and carboxymethylcellulose Na salt (CMC). Since each of
these polymers, like poly-L-glutamate, contained carboxylate moieties, the same conjugation

chemistry could be carried out.

o NH, RO

‘LH i M
N RO
N OR
X O Yy X + 0 ,o
NH O

OR

OR
(o} NH kﬁ 1o L i
KEN\\N N OR ’

25:x:y =10:90
Where in x, R =H or CH,COONa* or

rig

I
B -

NH3Cl NH;ClI

Z\Z

NHaCl
23: x:y =20:80 24: x:y = 10:90
and iny, R =H or CH,COONa*

Figure 3-6. Chemical structures of poly-L glutamine, poly(acrylic acid Na salt), and CMC derivatized
with 2.



Polyacrylate with ~10% of its monomeric units derivatized with 2 (compound 24, Figure
3-6) was superior to all other conjugates tested against the Wuhan strain: it overcame all
negative effects from an OH addition to 2 with an ICso equal to that of the commercial drug itself
(Table 3-2). However, against the other two influenza strains, 24 did not possess the same
potency and was actually worse than many of the other polymer conjugates tested, with ICs
values of 120 + 50 pM and 280 + 50 pM for PR8 and WSN, thus resulting in some 11-fold and

8-fold improvements, respectively, over 2 for these drug-resistant strains (Table 3-2).

Attachment of 2 to CMC at a ~20% loading (25, Fig. 3-6) drastically curtailed inhibition
of the Wuhan strain, with an ICsy of 760 + 160 uM (Table 3-2). Similarly poor ICs, values were
obtained against PR8 and WSN (1,200 + 800 uM and 780 + 90 pM, respectively) suggesting that
the inhibition afforded by these compounds might not even be caused by 2’s action per se but be

due to CMC’s intrinsic weak antiviral activity.

In closing, in this study we have attached multiple copies of influenza M2 ion-channel
inhibitors to a variety of polymers in an attempt to ameliorate, if not salvage, their ability to
inhibit adamantane-resistant influenza strains. A progress toward that goal has been made in
preparing 2-polymer conjugates up to 30-fold more potent than their monomeric precursors

against some drug-resistant strains.
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C. Materials and Methods
Materials

Amantadine-HCI (1), rimantadine- HCI (2), 3-amino-1-adamantanecarboxylic acid 3), 3-
(1-aminoethyl)adamantan-1-ol-HCl (7), poly-L-glutamate Na salt (MW of 50-100 kDa),
carboxymethylcellulose Na salt (MW of ~100 kDa) (CMC), poly(acrylic acid) (MW of ~100
kDa), and all solvents and other reagents, unless otherwise specified, were purchased from
Sigma Aldrich Chemical Co. (St. Louis, MO) and used without further purification. M-
Hydroxysulfosuccinimide (sulfo-NHS) was from Proteochem (Denver, CO), 5-azidopentanoic
acid and 5-azidopentan-l-amine from Synthonix (Wake Forest, NC), and 11-azido-3,6,9-
trioxaundecanoic acid from TCI America (Portland, OR).
Syntheses

Synthesis of 1-linker-azide (6): Linker addition to 3 was carried out as described by
Wanka er al.'® Briefly, 300 mg (1.5 mmol) of 3 and 715 mg (6.7 mmol) of Na,CO; were
suspended in a mixture of 10 mL of H,O and 5 mL of acetone, followed by stirring and placing
in an ice bath. Next, Fmoc-Cl (426 mg, 1.6 mmol) in 5 mL of acetone was added over 30 min
with an addition funnel. The reaction mixture was incubated at room temperature overnight and
then heated to 50°C for 2 h to evaporate acetone. To purify the product, the reaction was poured
over ice (35 grams) and extracted thrice with diethyl ether. The aqueous layer was then acidified
to pH 5 and extracted thrice with ethyl acetate. The ethyl acetate portions were combined,
washed with H,O, and dried over Na;SOy to afford an off-white powder of Fmoc-3-amino-1-
adamantanecarboxylic acid (4) (yield= 40%). (Rf 0.47 in 10:1 CH,Cl: MeOH). 'H NMR 4
([Ds]THF) 6 (400 MHz): 1.65 (2H, d, CH>-1), 1.72 (2H, s, CH,-1), 1.83 (4H, s, CH,-1), 1.95
(4H, s, CHy-1), 2.07 (H, s, CH-1), 2.14 (H, s, CH-1), 4.18 (1H, t, CH-Fmoc), 4.27 (2H, d, CH,-
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Fmoc), 7.25 (2H, t, CH-aromatic-Fmoc), 7.3 (2H, t, CH-aromatic-Fmoc), 7.6 (2H, d, CH-
aromatic-Fmoc), 7.8 (2H, d, CH-aromatic-Fmoc).

To synthesize §, 4 (220 mg, 0.53 mmol) was dissolved in 5 mL of dry THF. To that, O-
benzotriazole-N, N, N’, N -tetramethyl-uronium-hexafluoro-phosphate (HBTU) (200 mg, 0.53
mmol) was added, followed by 65 pL (0.53 mmol) of 5-azidopentan-1-amine and 68 uL (0.5
mmol) of Hiinig’s base. The reaction mixture was stirred overnight and then heated to 60°C for 1
h. After cooling, 3 mL of brine was added, and the mixture was extracted with CHC(I; thrice. The
organic phases were combined, washed with 1 M HCl, 5% NaHCOj3, H,0, and brine, and then
further purified on a silica gel column with 10:1 (v/v) CH,Cl:methanol mobile phase to afford
5'° (yield= 55%). (Rf 0.82 in 10:1 CH,Cly: MeOH). 'H NMR 5 (CDCL) § (400 MHz): 1.35 (2H,
m, CHy-linker), 1.47(2H, m, CHa-linker), 1.6 (4H, m, CH,-1, CHa-linker), 1.78 (4H, s, CH>-1),
1.85 (2H, d, CH,-1), 1.95 (2H, d, CH,-1), 2.05 (2H, s, CH,-1), 2.18 (2H, s, CH-1), 3.2 (2H, dd,
CH,-linker), 3.24 (2H, t, CHy-linker), 4.18 (1H, t, CH-Fmoc), 4.3 (2H, d, CH,-Fmoc), 7.25 (2H,
t, CH-aromatic-Fmoc), 7.3 (2H, t, CH-aromatic-Fmoc), 7.6 (2H, d, CH-aromatic-Fmoc), 7.7 (2H,
d, CH-aromatic-Fmoc).

To generate the deprotected final 1-linker-azide (6) for attachment to poly-L-glutamate, 5
(75 mg, 0.14mmol) was dissolved in 1.2 mL of dry acetonitrile and cooled to 0°C. Diethylamine
(1.2 mL) was added, and the reaction mixture was stirred for 1 h at 0°C and room temperature for
24 h. The reaction mixture was then extracted with HO at pH 3, and the product (6) was
recovered from the aqueous phase'® (yield= 20%). (Rf 0.12 in 10:1 CH,Cl,: MeOH). 'H NMR 6
(CDCl) & (400 MHz): 1.27 (2H, m, CH,-linker), 1.45(2H, m, CH,-linker), 1.52 (2H, m, CH,-
linker), 1.61 (2H, s, CH>-1), 1.7 (2H, d, CH,-1), 1.78 (4H, d, CH>-1), 1.83 (2H, d, CH,-1), 1.88
(2H, s, CH>-1), 3.1 (2H, t, CH>-linker), 2.25 (2H, s, CH-1), 3.25 (2H, t, CHb-linker).

62



Synthesis of 2-linker-azides (11 and 12): To obtain an organic solvent soluble free base,
3-(1-aminoethyl)adamantan-1-ol-HCl was suspended in CH,Cl, and washed with 1 M NaOH.
The resultant organic layer was rotary-evaporated, and the isolated white powder of 3-(1-
aminoethyl)adamantan-1-ol (7) was Boc-protected for subsequent chemical modification. To this
end, a solution of di-fert-butyl dicarbonate (330 mg, 1.5 mmol) in 25 mL of CH,Cl, was added to
5 mL of CH;Cl, containing 7 (290 mg, 1.4 mmol). The reaction mixture was stirred at room
temperature for 24 h after which it was extracted thrice with saturated Na,COs and dried over
Na,SO, to afford a white fluffy powder of 8."(yield= 95%). (Rf 0.63 in 10:1 CH,Cl,: MeOH).
'"H NMR 8 (CDCl;) & (400 MHz): 0.98 (3H, d, CHs-2), 1.33 (2H, d, CH,-2), 1.39 (11H, s, Boc,
CH>-2), 147 (2H, s, CH»-2), 1.57 (2H, d, CH>-2), 1.62 (2H, d, CH,-2), 1.75 (1H, s, CH-2), 2.15
(2H, s, CH>-2), 3.4 (1H, m, CH-2), 4.4 (1H, m, CH-2).

Next, the Boc-protected 3-(1-aminoethyl)adamantan-1-ol (8) was reacted with 5-
azidopentanoic acid in a method similar to that of Saitoh ef al.'® Briefly, 8 (130 mg, 0.5 mmol),
5-azidopentanoic acid (130 pL, 1.0 mmol), and 4-dimethylaminopyridine (DMAP) (6 mg,
0.03mmol) were dissolved in 3 mL of chlorobenzene. To that mixture, di(2-
pyridyl)thionocarbonate (DPTC) (230 mg, 1.0 mmol) was added, and the reaction mixture was
refluxed for 1 h, concentrated, and purified on a silica gel column with 2:1 (v/v) hexane:ethyl
acetate mobile phase to afford 9. (yield= 55%). (Rf 0.54 in 2:1 hexane:ethyl acetate). To prepare
10, 11-azido-3,6,9-trioxaundecanoic acid was used in place of 5-azidopentanoic acid and the
reaction was purified on a silica gel column with 7:1 (v/v) CHCl;:acetone mobile phase. (yield=
65%). (Rf 0.60 in 7:1 CHCl3:acetone). 'H NMR 9 (CDCl5) & (400 MHz): 0.98 (3, d, CH;-2),
1.35 (11H, s, Boc, CH,-2), 1.45 (2H, d, CH>-2), 1.57 (4H, m, CH,-linker), 1.75 (2H, m, CH,-2),
1.95 3H, m, CH»-2, CH-2), 2.05 (2H, d, CH>-2), 2.2 (4H, m, CH,-2, CH,-linker), 3.22 (2H, m,
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CH,-linker), 3.4 (1H, m, CH-2), 4.35 (1H, m, CH-2). '"H NMR 10 (CDCls) & (400 MHz): 0.95
(3H, d, CH3-2), 1.35 (11H, s, Boc, CH,-2), 1.43 (2H, d, CH»-2), 1.54 (2H, d, CH,-2), 1.78 (2H,
m, Ci1»-2), 1.93 (2H, d, CH>-2), 2.03 (2H, d, CH>-2), 2.09 (1H, s, CH-2), 2.17 (2H, s, CH>-2),
3.3 (2H, t, CHa-linker), 3.6 (11, m, CHy-linker, CH-2), 3.93 (2H, s, CH,-linker), 4.35 (1H, m,
CH-2).

Deprotection of the Boc group was performed with 4 M HCI in dioxane, as described
previously,'® to yield the final 2-linker-azide conjugates (11 and 12). (yield= 90%). (Rf 0 in 2:1
hexane:ethyl acetate).'H NMR 11 (CDCl3) 6 (400 MHz): 1.2 (3H, d, CH5-2), 1.5 (8H, m, CH,-2,
CHy-linker), 1.65 (1H, d, CH-2), 1.75 (4H, s, CH>-2), 2.05 (2H, s, CH»-2), 2.15 (2H, t, CH>-
linker), 2.2 (2H, s, CH>-2), 2.95 (1H, t, CH-2), 3.2 (2H, t, CH,-linker), 4.3 (1H, d, CH-2). 'H
NMR 12 (CDCls) 6 (400 MHz): 1.3 (3H, d, CH3-2), 1.5 (2H, d, CH,-2), 1.6 (2H, s, CH,-2), 1.72
(1H, d, CH-2), 1.92 (4H, m, CH,-2), 2.1 (2H, d, CH,-2), 2.25 (2H, s, CH>-2), 3.0 (1H, s, CH-2),
3.33 (2H, t, CHy-linker), 3.62 (11H, s, CH>-linker, CH-2), 3.95 (2H, s, CHa-linker).

Polymer activation

Polymers were activated with propargylamine to incorporate a terminal alkyne for
subsequent conjugation reactions with the aforementioned azide-containing inhibitors 6, 11, and
12. As a representative example, poly-L-glutamate Na salt (100 mg) was dissolved in 30 mL of
H,O. To that was added 300 mg of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (1.1 mmol) and 7 pL (0.15 mmol) of propargylamine to afford a ~10% derivatized
polymer. The reaction mixture was stirred for 5 h and purified as described previously.'** The
amount of propargyl amine was varied to tune the percent of derivatization of the polymer used.
The percent of derivatization was verified by 'H NMR where the integration of one
propargylamine H peak was compared to that of the integration of one known polymer H peak.
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For compounds 21 and 22, poly-L-glutamate was reacted as described above with
propargylamine and approximately 0.2 mol-eq. of either benzylamine or 2,2-dimethyl-1-
propanime, respectively.

To generate a poly-L-glutamine backbone for compound 23, the purified polymer pre-
derivatized to have ~20% of its monomeric units activated with propargylamine was dissolved at
10 mg/mL in 0.1 M 2-N-morpholinoethanesulfonate (MES) buffer containing 0.5 M NaCl, pH 6.
To that mixture was added 1.2 mol-eq. of both 1-ethyl—3-(3-dimethylaminopropyl)carbodiimide
and sulfo-NHS. The reaction mixture was stirred for 30 min at room temperature, after which an
excess of saturated aqueous NH4OH was added. Following an overnight incubation, the product
was purified for subsequent small molecule derivatization.'*

Polymer conjugation

Once the propargylamine-derivatized polymers were purified and quantified, they were
reacted in a Cu’-catalyzed [3+2] azide-alkyne cycloaddition with the azide containing
amantadine or rimantadine derivatives (6, 11, and 12) as previously described."* Percent
derivatization of 1 or 2- for each polymer-conjugate was determined by 'H NMR as described
above. An example 'H NMR breakdown is described. "H NMR 16 (D,0) 8 (600 MHz): 1.2 (3H,
d, CH3-2), 1.5 (8H, s, CH>-2, CHy-linker), 2.0 (2H, m, CH,-polymer, 8H CI5-2, CH-2), 2.3 (2H,
s, CHy-polymer, 4H, s, CH,-2, CH>-linker), 3.1 (1H, s, CH-2), 4.3 (1H, s, CH-polymer, 4H, d,
CH,-2, CH>-propargylamine), 8.0 (1H, s, CH-triazole).

Cells, viruses, and antiviral assays

Madin-Darby canine kidney cells (MDCK) for use in plaque reduction assays were from
the American Type Culture Collection and maintained as described previously.''*! The human
wild-type influenza strains A/Wuhan/359/95 (H3N2) and A/PR/8/34 (HIN1) were obtained from
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the U.S. Centers for Disease Control and Prevention (Atlanta, GA) and Charles River
Laboratories (North Franklin, CT), respectively. The influenza strain A/WSN/33 (HIN1) was a
gift from Dr. Peter Palese of Mount Sinai School of Medicine (NY, NY). Viruses were stored in
a-80°C freezer and diluted in phosphate-buffered saline (PBS) for use in assays.

Plaque reduction assays with MDCK cells were carried out to determine the half-
maximal inhibitory concentration (ICsq) of both monomeric and polymer-attached compounds as

described before,!%!1-14

When analyzing polymer conjugates, the ICsy values were calculated
based on the concentration of the small-molecule inhibitors. In investigating the effect of the

inhibitors’ presence for the complete viral cycle (denoted as “In Agar”), equal concentrations of

inhibitors were used for both pre-incubation with the virus and in the nutrient agar overlay.'
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CHAPTER 4

Decreasing herpes simplex viral infectivity in solution by surface-immobilized and suspended

N,N-dodecyl,methyl-polyethylenimine

The work presented in this chapter was published in the following manuscript and is reproduced
with kind permission from Springer Science and Business Media:

Larson AM, Oh HS, Knipe DM, Klibanov AM. 2013. Decreasing herpes simplex viral infectivity

in solution by surface-immobilized and suspended N,N-dodecyl,methyl-polyethylenimine. Pharm
Res. 30(1):25-31.
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A. Introduction

Herpes simplex viruses (HSVs) 1 and 2 are enveloped DNA viruses that can cause oral
and genital lesions in humans. While typically HSV-1 causes oral lesions and HSV-2 genital
ones, both are capable of infecting either region.! These communicable viruses are ubiquitous
and a serious public health concern because of acute and lifelong manifestations of herpes in
infected individuals.? HSV-2 is particularly prevalent, with a 16% reported frequency in people
aged between 15 and 49 worldwide.>* HSVs also have high recurrence rates of 33-90% per year
in infected individuals.’ Infectious viral particles are excreted from the lesions caused by HSVs
and can be transmitted through such personal contact as kissing and sexual intercourse.
Furthermore, individuals infected with HSV-2 have an increased risk of infection by human
immunodeficiency virus.® HSV transmission can be reduced by avoiding direct contact during
symptomatic outbreaks, but asymptomatic shedding of the virus is still possible resulting in
transmission. Although such antiviral drugs as acyclovir reduce outbreaks and wane symptoms
during them,” acyclovir-resistant HSV strains have been reported.® There is no cure or vaccine
available for either HSV-1 or HSV-2; thus developing a strategy that directly prevents viral
transmission is important to reduce its spread.

Certain long-chained hydrophobic polycationic polymers have been shown both in vitro
and in vivo to inactivate a wide variety of microbial pathogens, including Escherichia coli,
Staphylococcus aureus and epidermides, and Pseudomonas aeruginosa bacteria, Candida
albicans yeast, and human and avian strains of enveloped influenza viruses, as well as disinfect
solutions containing the non-enveloped poliovirus and rotavirus.”?' In the present work, we
demonstrate that the hydrophobic polycation N,N-dodecyl,methyl-polyethylenimine (DMPEI)
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(previously determined to be maximally antimicrobial when used as a non-covalent

10,12,13,20

coating) can also decrease the infectivity of HSV-1 or -2. Based on this finding, we have

explored DMPETI for potential therapeutic and prophylactic uses.

B. Results and Discussion

To ascertain whether immobilized DMPEI can reduce infectivity of aqueous solutions
containing HSV-1 or HSV-2, we placed a virus-containing solution on either a DMPEI-coated or
uncoated polyethylene slide and measured the change in infectivity in the solution by comparing

viral titers of the resultant washings.g’16 Exposure to a DMPEI-coated polyethylene slide reduced
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Figure 4-1. Reduction of viral titers of HSV-1 (A) and HSV-2 (B) incubated for 15 min at room
temperature in a buffered aqueous solution (the left set of bars), in that in the presence of an uncoated
polyethylene slide (the middle set of bars), and in that in the presence of a DMPEI-coated polyethylene
slide (the right set of bars). In the “No slide” experiment, a virus solution was incubated in buffer only.
In the “Bare slide™ experiment, a virus solution was incubated between two uncoated polyethylene slides
for 15 min to account for any non-specific adsorption of the virus to the slide. In the “DMPEIl-coated
slide” experiment, one of the two polyethylene slides was painted with the hydrophobic polycation. The
limit of detection for the assay is approximately 1 PFU. The heights of the bars are mean values, and the
error bars are standard deviations.
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the viral titer to below the limit of detection of the plaque assay, thus yielding at least a 5-log
reduction in viral titer for HSV-1 and at least a 4-log reduction for HSV-2 compared to minimal
reduction for the uncoated polyethylene slide (Figure 4-1). These observations encouraged us to
further explore this phenomenon and its potential applications.

Since HSVs are transmitted by direct contact with viral lesions, an antiviral formulation
should ideally bé available in a form that can intimately interact with infected tissues. Because
DMPEI was deliberately designed as a non-leaching surface coating and it is insoluble in
aqueous solution,'® we explored whether its water-soluble homolog, per-methylated PEI
(PMPEI), or even an underivatized PEI were capable of inactivating HSV-1 (as a soluble form of
the polymer could be easily administered to a lesion). To this end, we incubated PMPEI or PEI

with an aqueous solution containing

o
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HSV-1 and determined the consequent

loss of infectivity. Not only was the
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polycation =~ PMPEI  incapable of

lowering the HSV-1 titer by more than a
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single log in aqueous solution, it was

less potent than the unalkylated PEI
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(Figure 4-2). We concluded, therefore,
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Figure 4-2. Reduction of viral titer of HSV-1 incubated for sole, or even the main, determinant of
30 min at room temperature in a buffered aqueous solution

(the left bar), in that in the presence of PMPEI (1 mg/mL) anti-HSV activity and substantial
(the middle bar), and in that in the presence of PEI (2

mg/mL) (the right bar). The heights of the bars are mean hydrophobicity was required as well.
values, and the error bars are standard deviations.
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We reasoned that a suspension of the hydrophobic DMPEI in aqueous buffer could
circumvent the solubility issues (as well as the use of organic solvents), while still allowing a
rather intimate contact with the virus and hence possibly an antiviral effect. To test this
hypothesis, we prepared an aqueous suspension of DMPEI and investigated whether it was
capable of inactivating HSV-1 and HSV-2. Although surface-immobilized DMPEI previously

showed little toxicity to mammalian cells,'?

we found greater toxicity of DMPEI in
suspension. Based on an MTS assay, we observed a 50% cell cytotoxicity (CCsg) at a 120-pg/mL
polycation concentration. To determine what causes the toxicity, we subjected a 0.3-mg/mL
suspension of DMPEI to filtration through a 0.45-um filter and compared the filtrate’s toxicity in
Vero cells to that of the unfiltered suspension. Since the DMPEI filtrate exhibited no visible
toxicity, we concluded that toxicity must result from particles larger than approximately 0.45-
um. Therefore, to eliminate artifacts caused by large particles during plaque assay, we modified
the assay protocol: following the incubation of HSV-1 with the DMPEI suspension, we filtered
the mixture through a 0.45-um filter, which should remove the corresponding polycation
particles but not the virus (which is 0.2-pm diameter 2*).

Using these conditions in a modified assay, we observed that incubating a 0.3-mg/mL
DMPEI suspension with HSV-1 lowered the viral titer by more than 1.5 logs (Figure 4-3).
Moreover, most of the observed antiviral activity was due to the DMPEI particles larger than
0.45 pum because incubation with DMPEI suspension filtrate did not have a marked anti-HSV
effect (Fig. 4-3). Lastly, filtering itself did not contribute to a reduction of viral titer (second bar,
Fig. 4-3). The lower antiviral activity detected for the DMPEI suspension, as compared to
DMPEI-coated polyethylene slides (Fig. 4-1), was likely caused by the inherent differences in

surface contact between the virus and DMPEI in the two assays.
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If used as a therapeutic, DMPEI would presumably be applied topically in the presence of
both the virus and host cells. Therefore, we next examined a scenario where a DMPEI
suspension was incubated with HSV-1 during the infection of Vero cells (Table 4-1). During this
experiment, we observed a dose-dependent response for the DMPEI suspension with regard to
both inhibition of HSV-1 infection and toxicity. For example, when the virus encountered a 30-
pug/mL DMPEI suspension, a 41% drop in viral titer was observed with no apparent toxicity. As

the concentration of the DMPEI in the suspension was increased to 0.1, 0.3, and 0.5 mg/mL, we
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Figure 4-3. Reduction of viral titer of HSV-1 incubated for 30 min at room temperature in a buffered
aqueous solution (the left bar), in that subsequently filtered through a 0.45-um fiiter (the middle left bar),
in that containing 0.3 mg/mL of DMPEI suspension and subsequently filtered through a 0.45-pm filter
(the middle right bar), and in that of a 0.3 mg/mL DMPEI suspension filtrate (the right bar). The heights
of the bars are mean values, and the error bars are standard deviations.
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Table 4-1. Antiviral activity against HSV-1 (assessed by plaque reduction assay) and toxicity
toward Vero cells (assessed visually after staining the cells) of DMPEI suspensions.

Concentration of % Cell
DMPEI (mg/mL) reduction”  viability”
0 0+3 +++

0.03 41+6 g o

0.1 85 +2 4

0.3 95+ 8 +

0.5 100+ 0 +

“Reduction is compared to an incubation of HSV-1 without DMPEI under otherwise the same conditions.
Experiments were carried out in triplicate, with the mean and standard deviation values presented in the
table. See Materials and Methods for experimental details.

* Score based on visual appearance of the cells: three pluses denote all healthy cells, two pluses denote
some visible toxicity, and a single plus denotes marked visible toxicity.
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Figure 4-4. Reduction of viral titers of HSV-1 (A) and HSV-2 (B) incubated for 30 min at room
temperature in an aqueous PBS buffer (the left set of bars), in that thickened with 1.5% HEC (the 2™ set
of bars), and in that thickened with 1.5% HEC in which various concentrations of DMPEI were
suspended (the 3 4™ and 5" sets of bars). The heights of the bars are mean values, and the error bars
are standard deviations.

75



observed a 85%, 95%, and 100% decrease in viral titer, respectively (Table 4-1). These marked
drops in infectivity were accompanied by increasing toxicity. From these data, the half-maximal
inhibitory concentration (ICso) was calculated to be 44 pg/mL. From our previous MTS assay
toxicity data, we conclude that the therapeutic index (CCsy/ICsg) of our DMPEI suspension is ~3.

For a DMPEI suspension to be used as a topical therapeutic, it should be
“pharmaceutically elegant”, i.e., in the form of a homogeneous cream or lotion. To achieve the
corresponding no-drip consistency, we thickened a DMPEI suspension by adding the common
pharmaceutical excipient hydroxyethyl-cellulose (HEC).25 As with the non-thickened
suspensions above, we observed a dose-dependent antiviral response; for example, a 1.5-mg/mL
aqueous DMPEI suspension containing 1.5% HEC elicited over a 2-log reduction in viral titer
for both HSV-1 and HSV-2, while less concentrated suspensions of DMPEI resulted in a
reduction in viral titers between one and two logs (Figure 4-4). Note that a control aqueous
solution containing the same concentration of HEC alone had no appreciable influence on HSV
viral titer (Fig. 4-4).

To explore whether DMPEI could be used in a prophylactic mode, we painted the outside
surface of a male latex condom with a 50 mg/mL solution of DMPEI in butanol and, following
evaporation of solvent, tested its ability to disinfect aqueous solutions of HSV-1 and HSV-2. As
seen in Figure 4-5, more than a 3-log reduction in infectivity for both viruses compared to the
uncoated latex condom was observed.

We also examined whether handing and extensive stretching of DMPEI-coated condoms
(imitating the conditions likely to be encountered during their intended use) affected their ability
to disinfect viral solutions. More than a 3-log reduction was observed with a stretched DMPEI-
coated latex condom for HSV-1 and more than a 2-log reduction for HSV-2 (Fig. 4-5). The
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reduced inactivation observed for the coated latex condoms, as compared to DMPEI-coated
polyethylene slides (see Fig. 4-1), could be due to a lower rigidity of latex than of polyethylene
resulting in less uniform coatings. In addition, stretching may produce cracks in the DMPEI
coating where HSVs can remain unmolested. It was also noted that some of the DMPEI flaked
off into the supplemented PBS buffer during the washing step; clearly, coating of the condoms

must be optimized further.
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Figure 4-5. Reduction of viral titers of HSV-1 (A) and HSV-2 (B) incubated for 15 min at room
temperature in a buffered aqueous solution (the left set of bars), in that sandwiched between an uncoated
polyethylene slide and an uncoated piece of latex condom (the middle left set of bars), in that
sandwiched between a DMPEI-coated latex condom and an uncoated polyethylene slide (the middle
right set of bars), and in that sandwiched between a DMPEI-coated latex condom that had been stretched
extensively and an uncoated polyethylene slide (the right set of bars). In the “No latex” experiment, a
virus solution was incubated in buffer only. In the “Uncoated latex™ experiment, a virus solution was
incubated between a piece of uncoated polyethylene slide and of uncoated latex for 15 min to account for
a non-specific adsorption of the virus to the slide and/or latex. In the “DMPEI-coated latex” experiment,
a piece of latex was painted with the hydrophobic polycation. In the “DMPEI-coated latex (stretched)”
experiment, a piece of latex was painted with the hydrophobic polycation, allowed to dry, and stretched
10-times horizontally and vertically to imitate real-life use of condoms, after which time virus solution
was incubated with it. The limit of detection for the assay is approximately 1 PFU. The heights of the
bars are mean values, and the error bars are standard deviations.
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We have demonstrated herein that the hydrophobic polycationic material DMPEI could
be employed both in a prophylactic modality (as a coating on latex condoms) and in a therapeutic
modality (as a suspension) to inactivate HSVs. A drawback of the latter application is the
uncovered toxicity toward mammalian cells. Although we previously observed no appreciable

.. . o 212 : :
acute toxicity, either in vitro™ or in vivo*"? for DMPEI coatings, a suspension presumably

results in a more intimate contact between the cells and the hydrophobic polycation and thus
greater toxicity. Future studies need to address whether the antiviral activity and toxicity are
coupled and, if so, whether structural changes to the polycation can uncouple them. Once this is
done, one can progress to in vivo studies to investigate a topical application of DMPEIT in animal
HSV models. As to a possible prophylactic use, both optimized noncovalent painting of, and
covalent attachment of hydrophobic polycations to, latex (polyisoprene) condoms should be
explored and the resultant coated condoms tested in terms of their long-term stability and safety.
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C. Materials and Methods
Materials

All chemicals and reagents were from Sigma-Aldrich Chemical Co. (St. Louis, MO) and
used without further purification. Polyethylene sheets, from McMaster Carr (Atlanta, GA), were
cut into 2.5 x 2.5-cm slides. Non-lubricated male latex condoms (Trojan®), distributed by Church
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& Dwight Co. (Princeton, NJ) and obtained from a local drug store, were used in this study as
the simplest type of a condom uncomplicated by possible effects of the lubricant. They were
rinsed thoroughly in double-distilled (dd) H,O and cut into 3 x 4-cm rectangles for further use.
The MTS assay kit (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay) was
purchased from Promega (Madison, WI). Dulbecco’s Modified Eagle Medium (DMEM) was
from Cellgro (Manassas, VA) and supplemented with 5% fetal bovine serum (FBS), 5% bovine
calf serum (BCS), 1% penicillin, 1% streptomycin, 4.5 g/L glucose, and 2 mM L-glutamine for
cell culture. Human immunoglobulin (IgG) (cat# NDC 0944-2700-02) was from Baxter
(Deerfield, IL) and used to supplement DMEM in the plaque assay. Giemsa cell stain utilized in
plaque assays was from Sigma-Aldrich.
Syntheses of polycations

DMPEI was synthesized from linear 217-kDa polyethylenimine (PEI) as previously
described.”” The NMR structure is in Appendix C and is consistent with the literature. Per-
methylated PEI (PMPEI) was synthesized similarly to a reported procedure.26 Briefly, 1 g of
750-kDa branched PEI was dissolved in 15 mL of anhydrous methanol, and an excess (17.2 mL)
of iodomethane was added to the solution at room temperature. The mixture was refluxed at 65
°C for 2 h, followed by cooling to room temperature, addition of 928 mg of NaOH, and heating
for an additional 12 h. The solvent was then removed by rotary evaporation, and the resultant
solid was dissolved in ddH,O and dialyzed against it four times, followed by lyophilization to
obtain solid PMPEI. The structure of PMPEI was verified by elemental analysis (C, 24.7%; H,
5.58%: N, 9.14%) and NMR (‘"H NMR (D,0) & (400 mHz) for PMPEI: 2.8-4.6 (CH,, m, CH3,
s)). The NMR structure can be found in Appendix C.
Preparation of slides and coated condoms
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Coated slides were prepared by painting one side of a 2.5 x 2.5-cm polyethylene slide
with a 50 mg/mL solution of DMPEI in chloroform, followed by solvent evaporation; this
painting was performed in quadruplicate.'” Coated condoms were prepared similarly, except that
DMPEI was dissolved in butanol.?

Cells and viruses

HSV-1 KOS strain and HSV-2 186syn’-1 strain were originally obtained from Priscilla
A. Schaffer.””*® The viruses were diluted with an aqueous buffer (phosphate-buffered saline
(PBS) supplemented with 1% BCS, 0.01% glucose). Vero cells were from the American Type
Culture Collection (#CCL-81, Manassas, VA) and maintained in supplemented cell culture
DMEM (described above) at 37 °C in a 5% CO, atmosphere. They were grown to confluent
monolayers in 6-well plates or T25 flasks for use in plaque assays.

Antiviral assay for DMPEI-coated polyethylene slides

To determine the antiviral effect of DMPEI against HSV-1 and HSV-2, a DMPEI-coated
polyethylene slide was placed in a polystyrene Petri dish (6.0 x 1.5-cm), and a 10-uL droplet of
either HSV-1 ((4.4 + 3.9) x 10’ plaque forming units (PFU)) or HSV-2 ((5.0 + 0.69) x 10* PFU)
was added to the middle of the coated region. The droplet was sandwiched with a plain
polyethylene slide to increase surface contact of the virus with the coated slide. After 15 min at
room temperature, the slides were separated and washed thoroughly with 0.99 mL of the
supplemented PBS buffer. The washings were collected, serially diluted, and analyzed in the
plaque assay as described below. The infectious viral titer from the above experiments was
compared to those of a control with two uncoated slides and a control with the virus never in
contact with slides to determine the relative reduction in viral titer upon incubation with DMPEI-
coated slides.”'>"?
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Plaque assay

Ten-fold serial dilutions of the washings from the antiviral assays were tested in the
plaque assay to calculate infectious viral titers. Specifically, cell growth medium was removed
from confluent monolayers of Vero cells in a 6-well plate and replaced with 0.5 mL of diluted
virus in each well. The plate was gently shaken for 1 h at 37 °C to initiate infection, after which
the virus solutions were removed and replaced with 2.5 mL of DMEM supplemented with 1%
BCS and 0.16% human IgG (for HSV-2, DMEM with 1% BCS and 0.32% human IgG was
used). The cells were incubated for 2 days at 37 °C and 3 days at 34 °C for HSV-1 and HSV-2,
respectively, then fixed with ice-cold methanol for 8-10 min and stained with Giemsa dye.
Plaques were counted to determine the viral titer of the solutions.
Antiviral assay with PEI and PMPEI

HSV-1 (10 pL containing (7.8 + 0.40) x 107 PFU) was incubated with 0.99 mL of either
branched 750-kDa PEI (2 mg/mL) or PMPEI (1 mg/mL) in the supplemented PBS buffer for 30
min on a rotating arm. Serial dilutions of the resultant mixtures were tested with the plaque assay
and compared to HSV-1 incubated with the supplemented PBS buffer alone to determine the
antiviral effect of the polycations.
Preparation of DMPEI suspensions

DMPEI was dissolved in dimethylsulfoxide at 10 mg/mL and added to 3 volumes of
ddH,O with vigorous stirring. The resultant mixture was lyophilized and resuspended in ddH,O
with vigorous stirring and sonication until the suspension was devoid of visible chunks. The
stock DMPEI suspension was diluted in PBS for further use.

A DMPEI suspension thickened with hydroxyethyl-cellulose (HEC) was prepared by
making a 1.5% solution of HEC in 2.5 mL of PBS containing the desired concentration of
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DMPEI. The mixture was heated gently and stirred until the HEC dissolved and the solution
thickened.
MTS assay

A 3 mg/mL. DMPEI suspension in PBS was 10-fold serially diluted, followed by
incubation of 100 pL thereof for 1 h with confluent monolayers of Vero cells seeded in a 96-well
plate. After 1 h, the serial dilutions of DMPEI suspension were removed, and the cells were
washed twice with PBS and replenished with 100 pL of fresh DMEM. The MTS assay was
carried out according to the manufacturer’s instructions.

Antiviral assays with DMPEI suspensions

To quantify the antiviral effect of a DMPEI suspension, 10 pL of a HSV-1 solution ((8.7
+2.8) x 10" PFU) was incubated with 0.99 mL of a DMPEI suspension (0.3 mg/mL) for 30 min
on a rotating arm. Thereafter, the virus and suspension mixture was filtered with a 0.45-pum cut-
off filter (Pall Life Sciences), and the filtrate was 10-fold serially diluted and used in a plaque
assay to determine the reduction in viral titer. Controls in which HSV-1 was incubated either in
the supplemented PBS buffer and not filtered, or in the supplemented PBS buffer and
subsequently filtered, or with a 0.3 mg/mL DMPEI suspension solution filtrate were performed
in parallel.

The antiviral effect of a DMPEI suspension present during infection was determined by
incubating different concentrations of the suspension (or just the supplemented PBS buffer as a
control) with HSV-1 during infection of a confluent Vero cell monolayer in a T25 flask.
Specifically, 0.5 mL of a DMPEI suspension (or the supplemented PBS buffer) and 0.5 mL
containing 210 + 10 PFU of HSV-1 were mixed in a T25 flask and gently agitated for 1 h at 37
°C. Then the virus and DMPEI suspension mixture was removed and replaced with 5 mL of
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DMEM containing 1% BCS and 0.16% human IgG. The T25 flasks were incubated, fixed, and
stained as described above to determine the viral titer with and without the DMPEI suspension
treatment.

For antiviral assays with various concentrations of DMPEI suspensions containing 1.5%
HEC, 25 pL of either HSV-1 ((3.8  0.20) x 10° PFU) or HSV-2 ((2.5 + 0.90) x 10* PFU) was
added to 2.5 mL of HEC-thickened DMPEI suspensions in 20-mL scintillation vials containing
1-cm long magnetic stir bars (to aid in mixing). Vials were placed on a rotating arm for 30 min,
after which time 0.5 mL of the solution was carefully withdrawn by a pipette and diluted for the
subsequent plaque assay. Controls containing 2.5 mL of plain PBS, as well as a 1.5% HEC
solution in the absence of DMPEI, were also carried out.
Antiviral assay for DMPEI-coated condoms

To assess the antiviral activity of the coated latex condoms, the above-described
procedure for polyethylene slides was followed except that a piece of coated condom replaced
the coated slide. In addition, to better mimic the intended real-life use of a condom, we also
tested a piece of coated condom that had been stretched both horizontally and vertically ten times
after painting (denoted as a stretched latex condom) to determine the effect of stretching and
handling on antiviral activity. After a 15-min incubation with HSV-1 ((8.8 £ 0.80) x 10° PFU) or
HSV-2 ((4.8 £ 0.1) x 10" PFU), the plain slide was separated from the condom piece, and both
were submerged in a 50-mL falcon tube containing 10 mL of the supplemented PBS buffer. This
10-mL washing was serially diluted and tested in the plaque assay. The same experiment was

performed with a piece of uncoated latex condom and also without one as controls.
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CHAPTER 5

Hydrophobic polycationic coatings disinfect poliovirus and rotavirus solutions

The work presented in this chapter was published in the following manuscripts reproduced with
kind permission from Wiley Periodicals, Inc (Copyright © 2010) and from Springer Science and
Business Media:

Larson AM, Hsu BB, Rautaray D, Haldar J, Chen J, Klibanov AM. 2011. Hydrophobic
polycationic coatings disinfect poliovirus and rotavirus solutions. Biotechnol Bioeng.
108(3):720-3.

Park D, Larson AM, Klibanov AM, Wang Y. 2013. Antiviral and antibacterial polyurethanes of
various modalities. Appl Biochem Biotechnol. 169(4):1134-46.
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A. Introduction

More than half a century after the groundbreaking poliovirus vaccine was developed, the
virus remains a public health threat in many African and South Asian countries.! Poliovirus, like
other enteric waterborne viruses, is mainly transmitted through contaminated drinking sources in
areas of poor sanitation. Once infected, a person can develop poliomyelitis, a debilitating
disease causing muscle atrophy and paralysis.” Rotavirus, another waterborne human pathogen,
also poses a danger in the developing world. It is the chief cause of gastroenteritis and diarrhea in
children, causing some 600,000 infant deaths worldwide annually.® Therefore, stopping
transmission of these viruses from potable water supplies would reduce the spread of disease.

Certain hydrophobic polycations, such as some polyethylenimines (PEIs), have been
found to confer antimicrobial properties to materials® surfaces.* For example, N, N-hexyl,methyl-
PEI (HMPEI) covalently attached, and N N-dodecyl,methyl-PEI (DMPEI) deposited, onto glass
have been shown to kill human pathogenic bacteria S. aureus and E. coli, as well as to inactivate
multiple influenza virus strains, including drug-resistant ones.’” The lipid membranes of
bacteria or the envelopes of viruses are damaged by the hydrophobic polycationic chains, thus
causing death or inactivation of the bacterium or virus, respectively.® Since the foregoing
mechanism applies only to viruses containing a lipid envelope, it has been unknown heretofore
whether immobilized hydrophobic polycations also can disinfect non-enveloped, protein-coated
viruses, such as the aforementioned poliovirus and rotavirus.” The present study sheds light on

this question.
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B. Results and Discussion

To explore the activity of hydrophobic polycationic coatings against poliovirus, a 10-uL
droplet of viral solution was sandwiched between a polyethylene slide painted with linear
DMPEI and an otherwise identical bare (untreated) slide. After a 30-min incubation at room
temperature, the slides were separated and washed to recover the viral particles. The washings
were 2-fold serially diluted, and 200-puL of each dilution was used to infect monolayers of HeLa

cells in a plaque assay. Following the initial infection period, the viral dilutions were aspirated
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Figure S-1. The disinfection of poliovirus solutions by polyethylene slides painted with DMPEI and glass
slides covalently derivatized with HMPEIL In each set of two bars, the left one corresponds to
polyethylene slides, whereas the right one to glass slides. “No slide” refers to a 30-min incubation at room
temperature of poliovirus in aqueous solution and serves as a benchmark for 0% disinfection. “Bare slide”
shows poliovirus incubated between two untreated polyethylene slides or two underivatized glass slides.
“Slide coated with polycation” refers to coatings with DMPEI and HMPEI and shows approximately
100% disinfection in the case of incubation with a painted polyethylene slide and 100% disinfection in the
case of incubation with a covalently modified glass slide. Each experiment was carried out at least in
triplicate. For other conditions, see Materials and Methods.
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off the cells and replaced with a nutrient-rich agar solution. Following a 60-h incubation at 37°C
to promote the formation of plaques the cells were fixed with formaldehyde, stained with crystal
violet dye after the agar overlay was removed, and allowed to dry overnight for plaques to be
counted.

Essentially no poliovirus plaques could be detected after such an incubation in contact
with a slide painted with DMPEI, as compared to a 100% infectivity recovery from a control in
which viruses not in contact with any slides were incubated for 30 min under the same conditions
(control #1)(Figure 5-1). To ascertain whether contact with an uncoated polyethylene surface
plays a role in the reduction of viral titer observed, an additional control (#2) was carried out in
which both slides sandwiching the viruses were bare. No significant decrease in the viral titer
was observed for this condition, indicating that the surface-deposited hydrophobic polycations
are responsible for disinfecting poliovirus from solution (Fig. 5-1).

Covalent attachment of hydrophobic polycations to surfaces provides a more robust
coating than merely physical deposition by painting. Therefore, to test the generality of the
foregoing findings, in addition to painted polyethylene slides, glass slides were covalently
modified with branched HMPEI and tested against poliovirus in the same fashion. Washings
from the derivatized glass slides that contacted poliovirus produced no plaques (Fig. 5-1),
indicating high disinfecting potency. In the case of control #2 (bare slides), there was
approximately a 2-fold reduction in recovered infectious viral particles, probably due to a
nonspecific adsorption of the virus to the glass surface.

Separately, we found that the covalently coated glass slides that had been used to
disinfect polioviruses could be fully regenerated and successfully re-used after a UV irradiation

and ultrasonication in methanol.
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To shed light on whether the immobilized hydrophobic polycations remove poliovirus
from solution by adsorbing it or, alternatively, damage the virus to make it non-infective, we
tested the viability of the virus in the presence of the common quaternary ammonium detergent
dodecyltrimethylammonium chloride (DDTMAC). Incubating poliovirus for 30 min at room
temperature in plain PBS or in the presence of 0.095 M DDTMAC yielded indistinguishable
infectivities, (1.5 = 0.37) x 10* PFU/mL and (1.9 + 0.23) x 10* PFU/mL, respectively. The
dissolved detergent structurally mimicking our hydrophobic polycations present at a
concentration far above DDTMAC’s critical micelle concentration (CMC) value of 22 mM?®
failed to adversely affect poliovirus under the same conditions at which immobilized DMPEI and
HMPEI completely disinfected solutions containing it (Fig. 5-1). This observation suggested that
the poliovirus in solution might in fact not be inactivated, but merely adsorbed to the slide.

Table 5-1. The recovery of poliovirus by washing uncoated and DMPEI-coated polyethylene
slides with the detergents cetyltrimethylammonium chloride (CTAC) and Tween 80.7

Treatment Viral titer, PFU/mL

Control virus solution (1.9+0.7) x 10°
Plain slide, CTAC wash (1.8+£0.4) x 10°
Plain slide, Tween 80 wash (1.6 + 0.7) x 10°
Coated slide, CTAC wash (0.13 £0.1) x 10°

Coated slide, Tween 80 wash (0.6 £ 0.1) x 10°

“Plain or coated slides were incubated with poliovirus and washed with a detergent.

To further explore this adherence vs. inactivation mechanism, we performed a slide assay

where following incubation with the virus, we washed the plain or DMPEI-coated slide sets with
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one of two detergents: the cationic cetyltrimethylammonium chloride (CTAC) or the non-ionic
Tween 80, in an attempt to disrupt any adsorption of the virus to the slides and recover either
infectious or inactivated polioviruses that reversibly adhered to the surfaces. Indeed, analysis of
the washings for both detergents revealed the recovery of some of the infectivity lost from the
original solution (Table 5-1) for both bare and DMPEI coated slides, pointing to the adsorbtion,
not inactivation, mechanism.

Next, we sought to investigate how our hydrophobic polycationic coatings acted against

another non-enveloped virus, rotavirus. Rotavirus was incubated between a polyethylene slide
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Figure 5-2. The time course of disinfection of rotavirus solutions by polyethylene painted with. In each
set of two bars, the left one corresponds to a 15-min incubation, whereas the right one a to 30-min
incubation between slides. “No slide” depicts a 30-min incubation at room temperature of rotavirus in
aqueous solution, and serves as a benchmark for 0% disinfection (control #1). “Bare slide” shows
rotavirus incubated between two untreated polyethylene slides (control #2). For treated conditions, after
15 min, nearly 100% reduction in infectious particles recovered is shown. After 30 min, no infectious viral
particles could be recovered. Each experiment was carried out at least in duplicate. For other conditions,
see Materials and Methods.
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coated with linear DMPEI and its bare counterpart. After a 15-min incubation between the slides,
only a single infectious virion could be recovered even from the most concentrated washings (as
compared to approximately 100 plaques in control # 1 of the same concentration), and no
plaques were observed after a 30-min incubation (Figure 5-2). In contrast, in the bare
sandwiched slide incubation (control # 2), only a minimal reduction compared to no slide contact
was detected which grew with time (Fig. 5-2), pointing to sensitivity of the employed strain of
rotavirus to contact with surfaces.

The findings reported herein demonstrate for the first time that hydrophobic polycationic
coatings can disinfect not only solutions containing enveloped viruses but also their protein-
coated, non-enveloped counterparts, namely poliovirus and rotavirus.
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C. Materials and Methods

Chemicals

Branched PEI (750 kDa), dodecyltrimethylammonium chloride (DDTMAC), and all
organic solvents and reagents for synthesis were from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Linear PEI (217 kDa) was synthesized as described by Thomas et al.? Glass slides were
from VWR International (West Chester, PA) and polyethylene sheets from McMaster-Carr
(Elmhurst, IL); both were cut into 2.5 x 2.5 c¢m squares. Linear N,N-dodecyl,methyl-PEI

(DMPEI) was synthesized as described by Haldar et al.'® Branched immobilized N,N-
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hexyl,methyl-PEI (HMPEI) was synthesized as described by Lin et al.!! after derivatizing plain

glass slides with 3-aminopropyltriethoxysilane.'?

Cells and Viruses

HeLa cells and MA-104 cells (CCL-2 and CRL-2378.1, respectively) were obtained from
ATCC (Manassas, VA). Cells were grown at 37°C in a humidified-air atmosphere (5% CO,/95%
air) in Eagle’s minimum essential medium (EMEM, ATCC # 30-2003) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 100 units/mL penicillin G, and 100 pg/mL
streptomycin. Poliovirus strain Chat and rotavirus strain Wa were also obtained from ATCC
(VR-1562 and VR-2018, respectively). The viruses were stored at -80°C and diluted 20-fold and

2,000-fold in incomplete media for assays with polyethylene and glass slides, respectively.
Slide preparation

Polyethylene slides were painted with a 50 mg/mL solution of DMPEI in CHCl; in
triplicate to maximize the slide’s coverage.'® Glass slides covalently derivatized with branched

HMPEI were thoroughly washed with distilled water prior to use.'
Antiviral assays

A covalently modified glass slide or painted polyethylene slide was placed treated side up
in a polystyrene Petri dish (6.0 x 1.5 cm), and 10 pL of a virus solution in incomplete EMEM
[(2.2 £ 0.9) x 10° PFU of poliovirus in a coated polyethylene slide assay, (1.0 £ 0.5) x 10° PFU
of poliovirus in a covalently modified slide assay, and (5.1 + 0.8) x 10° PFU of rotavirus in a
coated polyethylene slide assay] was placed in the center of the slide. The droplet was

sandwiched by a bare slide of the same material as the first. In the case of poliovirus challenged
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by a coated polyethylene slide, a 1-lb weight was placed on top of the sandwiched slides to
ensure complete spreading of the 10 pL droplet. After a 30-min incubation at room temperature,
the sandwiched slides were separated with tweezers and the sides contacting virus were washed
thoroughly with 990 pL of incomplete EMEM."!° Washings were used to assay for infectious
viral particles recovered post-incubation with slide surfaces. For poliovirus plaque assays, the
washings were 2-fold serially diluted six times. In the case of rotavirus, 500 pL of the undiluted
washings were treated with 500 puL of a 10 pg/mL solution of porcine trypsin (Sigma Aldrich) at
37°C for 1 h. Trypsin-treated washings were subsequently 2-fold serially diluted five times and

used in the plaque assay.

In the case of DDTMAC, poliovirus was incubated in 10 puL of a solution of 0.095 M
detergent for 30 min. After the incubation, virus and detergent were diluted in 990 pL. of EMEM

and subsequently diluted further for the plaque assay.
Poliovirus plague assay

Monolayers of HeLa cells in six-well plates were washed twice with 12 mL of PBS and
infected with 200 pL of the 2-fold serially diluted washings in each well. After 1 h of infection at
room temperature, virus solutions were aspirated from the cells and replaced by 3 mL of
nutrient-rich agar (incomplete EMEM supplemented with 2% heat-inactivated FBS, 100
units/mL penicillin G, 100 pg/mL streptomycin, and 0.45% Seakem LE Agarose from Lonza
(Walkersville, MD)). Plates were then placed in a 37°C incubator with a humidified-air
atmosphere (5% CO; /95% air). Sixty hours post-infection, cells were fixed with 17.5%

formaldehyde in distilled H,O for at least 20 min and then stained with 0.5% crystal violet dye
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for 1 min. Plates were washed with distilled H,O to remove excess dye, and plaques were

counted the next day.'>"

Antiviral assay of DMPEI-coated slides incubated with poliovirus and followed by washing
with detergent solutions

Polyethylene slides coated with DMPEI were tested for antiviral activities as outlined
above for poliovirus, except that in the washing step the viruses were washed off the slide with
990 ul of 0.1% cetyltrimethylammonium choride (CTAC) in PBS or 0.05% Tween 80 in 0.5 M
NaCl solution. In controls, solutions of viruses were incubated between two plain polyethylene
slides and washed with detergent solutions.

Rotavirus plaque assay

The rotavirus plaque assay was performed in a similar fashion to poliovirus with minor
deviations. Monolayers of MA-104 cells were washed twice with 12 mL of incomplete EMEM
lacking phenol red dye supplied by Quality Biological (Gaithersburg, MD) supplemented with 4
mM L-glutamine, 100 units/mL penicillin G, and 100 pg/mL streptomycin. Cells were infected
with 200 pL of the 2-fold serially diluted washings in each well for 1 h at 37°C. After infection,
virus solutions were aspirated, and 4 mL of nutrient-rich agar was placed on top of cells
(incomplete EMEM supplemented with 0.01% DEAE-dextran, 100 units/mL penicillin G, 100
pg/mL streptomycin, 0.5 pg/mL porcine trypsin, and 0.6% agar (purified agar, [.28; Oxoid Co.,
Hampshire, U.K.)). Three to four days post-infection, cells were fixed and stained with crystal

violet dye as described above."’
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CHAPTER 6

Biocidal packaging for pharmaceuticals, foods, and other perishables

This chapter will be published as the following review article:

Larson AM and Klibanov AM. 2013. Biocidal packaging for pharmaceuticals, foods, and other
perishables. Annu Rev Chem Biomol Eng. 4:171-186.
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A. Introduction

Perishable goods, such as pharmaceuticals and foods, must be packaged in a way that
protects their integrity over significant periods of time. This is no easy task. For example,
according to the Centers for Disease Control and Prevention, in the United States alone, some 48
million illnesses and 3,000 deaths are caused annually by bacterially-contaminated foods.'
Furthermore, microbial contamination of pharmaceuticals accounts for millions of dollars of
extra costs to the industry by necessitating product recalls and disruptions in manufacturing;
contaminated pharmaceuticals also may result in unsafe products being unwittingly administered
to the general public.” In addition, medical devices (e.g., catheters and prefilled syringes) are
liable to microbial contamination and colonization. Likewise, leather garments and other goods
(e.g., gloves, shoes, purses, and briefcases) may become moldy and potentially unusable when
exposed to high temperatures and humidity prevalent in many parts of the world. In an effort to
curb the public health hardships and financial losses stemming from biologically-tainted
perishable goods, scientists have embarked on extensive research to develop packaging methods
that prevent, or at least reduce, microbial contamination and growth.

Historically, product packaging has been intended to function as a passive physical
barrier, aiming to create a blockade between the product itself and contaminants external to the
product, including dust, grime, and microorganisms. However, over recent decades increasing
emphasis has been placed on active packaging that also directly and beneficially affects the
interior environment of the product. Active packaging not only provides a mechanical barrier to
external contaminants but also can control moisture levels, oxygen content, and other properties
of the interior of the package.>” In particular, many approaches to improve active packaging

have focused on generating an inhospitable environment for microorganisms to grow and

101



multiply inside the package.® In this review, we deal with this latter type of active packaging by
discussing mechanisms of both established and emerging antimicrobial strategies employed for
that purpose. These methods can be incorporated into packaging for goods that need a sterile

environment and/or resistance to the growth of microorganisms (such as bacteria and fungi).

Biocidal active
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Figure 6-1. Schematic depiction of various forms of biocidal active packaging.

Although the biocidal materials discussed herein all hinder microbial growth, they
achieve this objective by a variety of diverse means that fall into one of two general categories.
The first approach involves gradually releasing (leaching) a biocide into the environment of the
packaged good from the packaging material. The second involves affixing nonleaching biocidal

material coatings to, or incorporating them into, materials used for packaging. Within each of
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these categories, several specific antimicrobial approaches, schematically depicted in Figure 6-1,
have been explored. The goal of this review is not to provide comprehensive coverage of all of
these approaches but rather to critically discuss and illustrate the mechanisms of the most

common and/or promising ones.

B. Active Biocide Releasing Packaging

In this group of methods, a biocide (or its precursor) is embedded within, or attached via
a labile bond to, a packaging material in a way that allows for its release over time. The gradual
liberation of biocides from active packaging can generate a high biocide concentration in the
interior of the package, thereby killing microorganisms therein. It also allows for deep
penetration of the biocide into the contents of the package, which can result in a large area of
microbial inhibition. The biocides used can range from simple gases that possess broad
antimicrobial properties to structurally complex antibiotics that act on specific subtypes of
bacteria.>’ In this section, we discuss the use of both volatile and nonvolatile biocides that can be
impregnated into a packaging material for subsequent release, as well as the use of ion-exchange
resins to adsorb bacteria from aqueous solutions. Lastly, we describe the use of futuristic, smart
biocidal coatings capable of emitting a biocide only when needed (i.e., when triggered by the
presence of a microbe). It should be noted at the outset that, despite their undeniable efficacy,
biocide-leaching materials suffer from inherent drawbacks, including the release of toxic
materials, the potential for generating resistant strains of microbes in the presence of sublethal

concentrations of biocides, and the eventual exhaustion of the biocide’s supply.®’
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Volatile Biocides

Volatile biocides (i.e., those present predominantly in the gaseous phase under ambient
conditions) have been used for various applications, including sterilization of medical equipment
and disinfection of drinking water and foodstuffs.>’ Examples include sulfur dioxide (SOj),
reportedly used as early as 800 BC for sterilization,® and more modern chemicals such as
chlorine dioxide (ClO;), ethylene oxide, low-boiling alcohols, ozone (03), and singlet oxygen
species.

Gaseous disinfectants like SO, and ClO, generally work by dissolving in aqueous
solution and generating reactive species therein that damage bacterial (and sometimes fungal)
cellular components.””!* Ethylene oxide, which has been used as a method of choice for medical
device sterilization since the 1950s, is a broad-spectrum alkylating agent that is particularly
reactive toward —SH and other protein-reactive groups in microbes that it encounters.!"!?
However, unlike SO, and ClO,, ethylene oxide is mutagenic, which makes it a less attractive
option for many applications.’

Another sterilization method utilizes aqueous solutions of low-boiling alcohols, such as
ethanol and isopropanol. These alcohols are thought to denature proteins and disaggregate lipids
of an offending microbe, as well as to dehydrate microbial cells. Although they are potent and
wide-spectrum disinfectants against bacteria, fungi, and even some Viruses,z’7 volatile alcohols
are not sporicidal’ and also possess distinct tastes, which makes them incompatible with the
sterilization of many foods.

Certain compounds, although not biocidal themselves, can generate potent biocide singlet

oxygen when exposed to visible light in the presence of molecular O, ' In this process, the

quantum of light interacts with a photosensitizing molecule and excites it to its singlet state.
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Through a series of subsequent fast chemical transformations, this energy is transferred to a
ground-state oxygen molecule in the vicinity of the photosensitizing molecule, which can
generate a variety of reactive oxygen species (ROS), including superoxide radicals, hydroxyl
radicals, or singlet oxygen; all of these ROS possess biocidal activity.'® Their reach is limited,
however; for example, singlet oxygen is very short-lived and thus can travel up to only 0.1 um in
solution and 1 mm in air."* Nevertheless, the most effective photosensitizing molecules have

131516 Their sterilizing

been shown to be active against bacteria, fungi, and some viruses.
potential can be hamessed for application in packaging either by incorporating them into
material coatings'* or by employing them as small molecules leached into solution.'” For
example, Luksiene et al.'” demonstrated that incubation of S-aminolevulinic acid, the
biosynthetic precursor to the photosensitizing porphyrin ring structure, with the foodborne
bacterium Bacillus cereus resulted in the synthesis of biocidal agents capable of producing
singlet O, that was active against both planktonic and surface-adhered bacteria after illumination
with a 400-nm light. In an attempt to develop a surface coating that could generate singlet
oxygen for biocidal action, Landgrebe et al.'* generated a polymer scaffold decorated with
compounds containing metal ligands that are photosensitizers and proposed that this material
could be deposited on surfaces that have access to sunlight and oxygen for bactericidal,
fungicidal, and virucidal action. Although the use of singlet oxygen and other ROS for
disinfection is attractive, because their generation is catalytic and relies only on external light

and atmospheric oxygen, their application is unsuitable for light-sensitive goods or for those that

require anaerobic environments.
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Nonvolatile Biocides

Nonvolatile biocides make up the majority of disinfectants in commercial use today.
They can be imbedded into materials that leach the chemical on tunable timescales or added to
products to kill or inhibit the growth of offending microbes.

Even such simple elemental entities as Ag and I, in aqueous solution exhibit high
antimicrobial activity against bacteria, fungi, and some enveloped viruses.”'**° Silver’s
antimicrobial properties have been utilized for centuries and were perhaps unknowingly
harnessed in the time of Alexander the Great (335 BC) who, along with his senior officers, was
known to drink water from silver flasks, consequently avoiding contraction of infectious diseases
during his travel.”’** Notably, the use of nanoparticular Ag or silver salts as disinfectants is
common in a variety of products, including foods, clothing, and medical devices.>'*® In these
applications, Ag can be incorporated into the packaging material for release into the
surroundings.” Although nanoparticular Ag is used, its antimicrobial action actually results from
the Ag" cations generated therefrom under aerobic conditions.?* Silver ions can react with thiol
and imidazole groups of microbial enzymes, thereby inhibiting them; other, yet-to-be-discovered
biocidal mechanisms appear to exist as well.”'8% A representative example of the utilization of
Ag in a product for antimicrobial activity is the Swach® nanotech water purifier system
manufactured by TATA Chemicals in India. This system incorporates Ag nanoparticles into rice
husk ash, which is used to filter contaminated water; it Kills bacteria through the action of the
released Ag' and also absorbs chemical pollutants on the charcoal-like ash.? Many other
examples of devices employing silver for antimicrobial activity also have been reported.”=*%
The increase of Ag-containing products for commercial use has been accompanied by a

growing concern from a toxicological standpoint about the safety and tolerability of high
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concentrations of free Ag" ions.”>*® Moreover, bacterial resistance to Ag has been observed in
the form of both efflux pumps removing the metal from bacteria and such silver-binding proteins
as SilE (small periplasmic Ag-binding protein) to quench the activity of the Ag” ions.*"*’

Like Ag, I, in aqueous solution exhibits broad-spectrum biocidal activity.” Although its
method of action is far from elucidated, iodine-containing species apparently iodinate and
damage proteins, polynucleotides, and fatty acids of the microbes that they encounter.’ In one
example of a second-generation iodine formulation, a complex of povidone
(polyvinylpyrrolidone) with I, in solution acts as a vehicle to deliver the biocide to its microbial
targets. This complex is used widely because it is less caustic than aqueous I, solutions and the
polyvinylpyrrolidone carrier is thought to interact with microbes’ outer membranes.”*®

Quaternary ammonium compounds (QACs) are known to inactivate bacteria, fungi, and
enveloped viruses. ' Their amphiphilic structure comprises a polar quaternary amine head
group and a hydrophobic tail (e.g., a long alkyl chain). Although there are many variations in the
minutiae of their structures, the length of the alkyl chain in the most potent QACs is generally 12
to 16 carbons.”’ QACs are thought to target the cytoplasmic membrane of bacteria and the
plasma membrane of fungi, thereby disrupting the organization and integrity of their
membranes;’ this mechanism also might explain their activity against enveloped viruses, such as
influenza and herpes simplex viruses.**!

The high efficacy of modern commercial antibiotics and antifungals makes them obvious
candidates for utilization in active packaging. For example, the controlled release of the
antibiotic gentamicin®> and the antifungal amphotericin B** from polymeric matrices

impregnated with them has been described. For the former, a bolus release over two to four hours

was achieved from a hydrolytically degradable, polyelectrolyte multilayered film; the leached
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antibiotic was capable of inhibiting the growth of Staphylococcus aureus in the vicinity of film-
coated substrates.*? The release of amphotericin B from a dextran-based hydrogel was tuned to
take place for over 50 days for potential use as a coating in urethral catheters (which have known
susceptibility to fungal infections). The amphotericin-impregnated hydrogel, referred to as
amphogel, was capable of killing Candida albicans within two hours of contact.*® Both of these
approaches could be translated readily into packaging materials for preserving perishables with
susceptibility to bacterial or fungal infections. Additionally, more broadly acting antimicrobials
like triclosan could be incorporated into similar packaging systems to generate sterile interior
environments.>*

Amphiphilic peptides such as magainin, excreted from the skin of the African frog
Xenopus laevis,3 3 and others;3 637 bacteriocins, like nisin from Lactococcus lactis;38’39 enzymes,

like lysozyme from biological secretions;®*°

and biopolymers, like chitosan from crustaceans
and arthropods***'** have been demonstrated to be biocidal. Thus, they too have the potential to
be incorporated into packaging to protect products from microbial contamination and damage. In
one reported example, a water-soluble chitosan-arginine derivative was tested for its ability to
kill Escherichia coli added to the liquid that surrounds chicken in packaging (referred to as
chicken juice), which is commonly colonized by pathogenic bacteria and implicated in food
poisoning. The chitosan-arginine effectively reduced the E. coli load of the chicken juice by over
6 logs (i.e., at least 10° times) after 20 hours; it also killed microbes endogenous to the chicken

juice.*! Presumably such a biocide can also be incorporated into a polymeric packaging to be

released over time, thus reducing the overall quantity required to be effective.
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Ion-Exchange Methods

Anion exchange, in which negatively charged ions electrostatically bound to a solid
cationic surface are exchanged for different anions from solution, has been proposed as a method
of capturing bacteria from aqueous media.”>* Because bacteria are negatively charged around
physiological pH, owing to the presence of the phosphate head groups on the phospholipids in
their outer membranes, they can be subjected to a variant of anion-exchange chromatography as
a method to remove them from solution.* Researchers also have creatively combined the anion-
exchange method with a leachable biocide component for applications in water purification by
physically adsorbing poorly soluble Ag salts into the pores of macroreticular anion-exchange
resins.** Once bacteria come into contact with the polymeric resin, they electrostatically bind to
them; then, the Ag’ ions inactivate these captured microbes. This approach resulted in a near
sterilization of aqueous solutions containing the pathogenic bacteria E. coli, Pseudomonas
aeruginosa, and Streptococcus faecalis.** The main limitation of (an)ion-exchange antimicrobial
methods is that they are generally applicable only to aqueous solutions that lack significant salt
concentrations that would interfere with the intended ion exchange.
‘Smart Coatings” that Release Biocides When Needed

Smart coatings are those designed to selectively release their antimicrobial payload when
activated by a specific external stimulus. For the application in packaging, the payload is any of
the aforementioned biocides, and the external stimulus is an offending microbial pathogen.*® In
principle, these coatings are advantageous over conventional leaching methods outlined above
because the biocide is not released continuously into the environment but rather, at least in

theory, only when needed.*’
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Li et al.*developed a biocidal formation utilizing both the conventional leaching and
smart coating technologies. ClO, and the metallic biocide ZnCL*® were incorporated into a
polyoxyethylene-polyoxypropylene matrix in a water-in-oil-in-water double emulsion.*’ The
resultant polymeric material released the gaseous ClO; biocide constantly over a 28-day period,
and the ClO; released was capable of inhibiting the growth of S. aureus up to 3 mm away from
the source. When an aqueous droplet containing the bacteria came in immediate contact with the
polymer, the water dissolved the outer portion of the polymeric matrix, causing not only an extra
burst of CIO; but also a direct exposure to the ZnCl,, which led to bacterial inactivation. The
breakdown of the polymeric material as a result of contact with a pathogen-containing medium
illustrates the smart-release concept.” However, droplets containing no pathogen could also
presumably dissolve the polymeric material for release, which thus points to the need for
pathogen-specific methods of polymer breakdown.

Another example of this concept involves a fabricated polymeric material called

Surfacine®

. It incorporates the water-insoluble silver salt Agl embedded in modified
poly(hexamethylene biguanide), which itself is a potent biocide and fungicide.'"***° Once a
microbe comes into contact with a surface coated with this polymeric formulation, the
pathogen’s membrane dissolves in the biguanide network, and the Ag’ ions dissociate from the
iodide and preferentially bind to their targets in the immobilized bacteria.*®*'* The polymeric
antimicrobial material is active against both Gram-positive and Gram-negative bacteria,
including the notorious methicillin-resistant S. auwreus (MRSA) and vancomycin-resistant

Enterococci (VRE), as well as fungi. Because the Ag is present as an insoluble salt, it is released

only when an offending bacterium contacts the surface and its membrane is disrupted by the
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polymer,'! which thus allows for washing of the material without leaching Ag" ions from the

polymer into solution.

C. Active Packaging Materials that do not release a biocide (i.e., disinfection on contact)

As an alternative to releasing biocides, packaging materials can be subjected to chemical
modifications to incorporate nonleaching, surface-immobilized biocides. They can also be coated
with water-insoluble biocidal paints that can kill microbes on contact. Advantages of such
nonleaching approaches include avoiding release of toxic agents and eliminating the issue of
exhausting the biocide emitted from the coating.®** However, because the biocidal material in
this scenario is incorporated onto the surface of the packaging material, its activity is restricted to
that region; consequently, such coatings cannot reach the interior contents of the package as far
as leached biocides can. As a result, this method is successful in killing only pathogens that come
in immediate contact with the surface of the packaged goods. Although the coated surface can
become covered with the microbial carcasses, as well as dust and grime, any such activity-
disabling buildup often can be washed away to regenerate biocidal activity and allow repeated
use.™*

Antibiotics and Biocidal Enzymes Covalently Attached to Materials’ Surfaces

Antibiotics and antibacterial enzymes can be tethered to surfaces to potentially render

said surfaces biocidal, biostatic (i.e., inhibiting microbial growth), or antifouling. This approach

3% ampicillin,® and

has been explored for the antibiotics Vancomycin,55 triclosan,>® penicillin,
amoxicillin,? just to name a few, as well as for such biocidal enzymes as the glycoside hydrolase

lysozyme®' and the protease subtilisin.®*®* Because the covalently-attached agent is sequestered
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to the packaging and cannot traverse deeply across the microbial membrane, it must target
molecules on the exterior of the pathogen.

57-60,64

Urban and coworkers elegantly explored the attachment of B-lactam antibiotics to

polymeric surfaces by utilizing microwave plasma reactions in the presence of maleic anhydride

to generate functionalized surfaces that are reactive with antibiotics (Figure 6-2). In one

0
0 on"© 0
0, . 0 Ar plasma (o] Hydrolysis O
- T e “o
q @ " " (O-CH,~CHy),OH
Reflux, SOCl, 5 PEG (O-CH,~CH,),0H
© © ;

Antimicrobial
PTFE surface

Figure 6-2. Schematic representation of the derivatization of polytetrafluoroethylene (PTFE) with the
antibiotic ampicillin (ref 57). ® A functionalizable surface is generated by reaction between the PTFE
and maleic anhydride in Ar plasma. @ The immobilized maleic anhydride is hydrolyzed for subsequent
® activation and @ derivatization with HO-PEG-OH. ® Lastly, the immobilized linker PEG-OH reacts
with the carboxylic acid of ampicillin in a Steglich esterification to generate the ampicillin-decorated
surface. Figure courtesy of Professor M.W. Urban.
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example, penicillin-derivatized surfaces were incubated with S. aureus, whose subsequent
growth was assessed as a function of time. The antibiotic-coated surfaces were found to retard
the growth of the bacteria in solution by almost 80%, as compared with the uncoated substrates.
These studies also uncovered the necessity of a long linker, like a poly(ethylene glycol) moiety,
between the functionalized surface and the antibiotic to ensure that the latter reaches its target
and inhibits growth and proliferation of the microorganisms.’’ The proposed biocidal mechanism
involves interaction between the tethered f-lactam antibiotics and the transpeptidase enzymes in
the cell walls of the bacteria adhered to the coated surfaces. This interaction inhibits cell wall
biosynthesis and thus exerts a bacteriostatic action that halts any subsequent bacterial
proliferation, which is analogous to how leached B-lactam antibiotics work.>*%

Veluchamy et al.% investigated the relatively nonspecific protease subtilisin covalently
attached to polycaprolactam (nylon 6) for applications in food packaging. When the immobilized
enzyme was challenged with various strains of bacteria and fungi in liquid media, its
antimicrobial efficacy outperformed that of the bare polymer up to five-fold. The subtilisin-
coated nylon was also assessed for its real-life potential as a biocidal food packaging material. In
this test, fresh ham steaks deliberately inoculated with S. aureus or E. coli were wrapped in a
piece of either plain nylon or that derivatized with subtilisin. The enzyme-coated polymer, but
not its underivatized predecessor, reduced the bacterial load of the food by 2 log units for S
aureus and 3 log units for E. coli after a six-day incubation at 4°C, thereby validating the
potential of this material for use in food packaging.®*

Long, Moderately Hydrophobic Polycations Covalently Attached to Surfaces
The outer cellular membranes of bacteria and fungi are hydrophobic, as are lipid

envelopes of some viruses, and also possess a net negative charge. It was, therefore, reasoned®>’*
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that certain surface-attached, long-chained hydrophobic polycations (e.g., those mimicking
QACs) should be able to interact with these membranes, at least in a manner similar to that of
conventional water-soluble QACs, to disrupt the membrane’s molecular order, and to kill the
microbe.®”

For example, we investigated the structure-activity relationship of these polymeric QAC
biocides attached to various materials. In initial studies,”” glass slides were covalently derivatized
with poly(4-vinylpyridine) (PVP), which was then N-alkylated with bromohexane to generate a
moderately hydrophobic polycationic surface. The slides were subsequently sprayed with
solutions of the representative human pathogens E. coli, S. aureus and epidermidis, and P.
aeruginosa to mimic how a cough or a sneeze would spread germs. The droplets were allowed to
dry, and a nutrient agar overlay was put on top of the slides, thereby allowing bacteria that were
still viable to multiply and form colonies. When assayed for colony formation 24 hours later,
between 94% and 99% of the initial bacteria were killed upon exposure to the N-alkyl-PVP-
coated surfaces for all bacterial species tested, whereas the plain surfaces exhibited no
appreciable antibacterial activity.” Importantly, the N-hexyl-PVP-coated surface did not leach
the polycations;® it was also active against a mutant strain of S. aureus expressing multidrug
resistance pumps, which confer resistance to monomeric QACs. These and other findings reveal
that despite immobilized N-hexyl-PVP’s chemical similarities to low-molecular-weight QACs
and possibly a similar membrane-disrupting mechanism, it is not susceptible to the same
bacterial resistance pathway.”>’®
The structure-activity relationship studies, involving a range of different alkyl moieties,

revealed that to be antimicrobially competent the immobilized N-alkyl-PVPs had to be

hydrophobic, but not excessively so.”” For example, the glass surfaces derivatized with the
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relatively hydrophilic N-methyl-PVP and N-ethyl-PVP were impotent in this regard, probably

owing to their low affinity for cellular membranes. Likewise, the very hydrophobic N-hexadecyl-

PVP was not antimicrobial, presumably because of strong interactions between its polymeric

chains that resulted in a “cooked-spaghetti”-like mass. A significant positive charge proved

important, too: The surface-attached, underivatized PVP was essentially nonbiocidal.

Figure 6-3. Live-dead analysis of Staphylococcus
aureus cells after a two-hour exposure to the
surface of (a) an underivatized amino-glass slide
and (b) of that covalently derivatized with HMPEI;
live (green) and dead (red) bacterial cells shown.
Similar results were obtained with Escherichia coli.

See Reference 76 for further details.
courtesy of Professor Kim Lewis.

Figure

That immobilized N-hexyl-PVP, or
even the PVP polymeric platform itself, is by
no means biocide

unique as a was

demonstrated by potent bactericidal and

fungicidal activities of surface-attached
hydrophobic polycations, which were prepared
by quaternizing the common commercial
polymer polyethylenimine (PEI) covalently
attached to a variety of substrates, including
glass, cotton, polyester, wool, and nylon, as
well as iron nanoparticles.”"”*””"® Similarly to

PVP, N-hexylation of the glass-attached PEI

resulted in a substantial bactericidal efficiency

against both Gram-positive and Gram-negative

bacteria and the pathogenic yeast C.

; 74,79 .
albicans.”"™" Once the remaining unreacted

amines on the N-hexyl-PEI were further
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derivatized with iodomethane to generate a still higher degree of quaternization, the resultant
N,N-hexyl,methyl-PEI (HMPEI) was even more antibacterial.”* In contrast, either negatively
charged, zwitterionic, or uncharged immobilized PEI derivatives were not bactericidal, which
reinforces the importance of the polycationic species.”* It was also found that only high-
molecular-weight, surface-attached polycations were antibacterial.”’

The mechanism of this bactericidal phenomenon has been studied using various
techniques, including fluorescent live/dead cell assays (Figure 6-3).”"">7® The data obtained
point to severe damage to the outer bacterial cell membrane, which resulted in the loss of
integrity, on exposure to immobilized HMPEI. It is noteworthy that neither S. aureus nor E. coli
was able to develop any resistance to the surface-attached polycations over at least a dozen
successive generations.”' Because of the great variety of materials that can be derivatized and the
wide spectrum of the resultant biocidal action, these surfaces could be employed in biocidal
packaging, especially because the coated materials were found to be nontoxic both in vitro and in
Vivo,5478.80

In addition to the aforementioned hydrophobic polycations, Degrado and coworkers have
also investigated amphiphilic peptides®® and copolymers®! covalently bonded to surfaces for
antimicrobial properties. Likewise, Haynie et al.®* attached magainin and structurally similar
peptides to polyamide water-insoluble resins and assessed their activity against various strains of
waterborne bacteria and yeasts. The resultant nonleaching conjugates were effective in reducing
the solution loads of S. aureus and E. coli by approximately 5 logs and C. albicans by 3 logs.
Water-Insoluble Biocidal Paints Physically Deposited onto Surfaces

Although covalent attachment of hydrophobic polycations is a reliable and permanent

method to render materials antimicrobial, it is potentially costly and entails multistep, surface-
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specific chemistries that cannot be performed readily by untrained personnel. Therefore, for

some uses there is a merit in more facile, albeit less robust, antimicrobial coatings; in terms of

the ease of application, common paints represent an attractive role mode

1.83

We found that when HMPEI, which was previously employed for covalent attachment,

was instead dissolved in an organic solvent, painted onto glass slides, and exposed to aqueous

solution, the polycation leached.*> To prevent this from happening (i.e., to make the paint

Staphylococcus aureus Escherichia coli

Figure 6-4. Scanning electron microscopy images of Staphylococcus
aureus and Escherichia coli cells after interaction with either (a) plain,
uncoated silicon wafers or (b) DMPEI-coated ones. Obvious severe
damage to their structural integrity is observed for the bacteria
incubated with the biocidal coating (ref 84). Figure courtesy of Bryan
Hsu.

117

permanent, like a regular oil
paint), we made the polycation
more hydrophobic by
replacing the Cg groups with
Ci2 ones during the synthesis.
Indeed, the resultant N, N-
dodecyl,methyl-PEI (DMPEI)
physically  deposited onto
surfaces exhibited no
detectable  leaching into
aqueous solution and yet, in
contrast to the untreated
surfaces,  still  possessed
excellent activity against both
S. aureus and E. coli in our

airborne assay.*® Live/dead and



scanning electron microscopy imaging revealed that DMPEI-coated surfaces killed bacteria by
imparting severe damage to their membranes (Figure 6-4). Consistent with this conclusion, when
in contact with painted surfaces, E. coli released a disproportionately large amount of
periplasmic proteins vis-a-vis plasma proteins into solution, which again points to a disruption of
the outer membrane of the bacteria.®® As in the case of covalently immobilized HMPEI, the
antimicrobial activity of surfaces painted with DMPEI could be gradually poisoned by dead
bacterial carcasses blocking the surface, but antimicrobial activity could be rejuvenated by
washing.™

It is also worth noting that DMPEI was active against both wild-type and drug-resistant
strains of influenza viruses®®* by disrupting their lipid envelopes and resulting in visibly
damaged viral particles (Figure 6-5).%

Mechanistic investigation of this phenomenon revealed that the damaged virus sticks to

the painted surface and becomes disrupted, and its RNA leaks out, as is schematically illustrated

100 nm

Figure 6-5. Scanning electron microscopy images of influenza viral particles after a 30-min interaction
with either (a) plain, uncoated silicon wafers or (b,c) DMPEI-coated ones (ref. 30). The majority of the
viral particles from the coated condition have severe lipid envelope damage (b), whereas others do not
(¢). Figure courtesy of Bryan Hsu.
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Figure 6-6. Schematic mechanism of inactivation of influenza virus by DMPEI-coated surfaces (ref 30).
(a) An influenza viral particle diffuses from solution to interact with the polycation coated surface. (b)
The viral particle becomes strongly adhered to the surface. Substantial damage to the virion occurs from
this interaction, resulting in (c) leakage of the viral RNA into solution and inactivation of the virus. Figure
courtesy of Bryan Hsu.
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Polycation-coated

in Figure 6-6. Interestingly, painted DMPEI can not only inactivate human and avian influenza
viruses but also disinfect,solutions containing other enveloped viruses, such as herpes simplex
viruses 1 and 2*7 as well as the nonenveloped rotavirus and poliovirus.®®

As an alternative to painting, DMPEI can be incorporated as a cationic component into
submicrometer-thick, layer-by-layer (LBL) films along with polyacrylate or other polyanions.
Wong et al.***° found that these LBL films not only are bactericidal against S. aureus and E. coli
but also possess antifouling properties against serum proteins. This latter property, if general
may be particularly valuable for packaging applications owing to its potential to prevent protein
adsorption to coated surfaces and consequent poisoning of their antimicrobial properties.

Many other polymers have been proposed recently that can be made into antimicrobial
paints themselves or can be incorporated into regular paints to render them antimicrobial.’’*

One example is an aniline copolymer, which exhibits biocidal activity, as well as insolubility, not

only in water but also in almost all common solvents (thus eliminating even the possibility of
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leaching).” Separately, antibacterial polynorbornene derivatives were reported that could be
incorporated into paints or lacquers to be deposited on surfaces requiring sterility.”"
Concluding Remarks

The reduction of microbial load in perishable goods not only yields safer products but
also can extend their shelf life by protecting them from decay.*® Herein we outline a range of
approaches to generate sterile environments or to halt the growth of bacteria and/or fungi that
can be applied to commercial packaging for such products. These approaches can be used
individually or in combination; although none of them is perfect, they illustrate the breadth of the
science involved and provide a rich menu of methodologies to select from, depending on the
specific features of the intended application.
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Appendix A: Selected NMR structures from Chapter 2
(Unlabeled peaks are thought to be residual solvent or benign contaminants.)
Poly-L-glutamate Na salt derivatized with 5-hydroxynaphthalene-1,4-dione (Chapter 2-2a)
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Poly-L-glutamate Na salt derivatized with 5-hydroxynaphthalene-1,4-dione-linker (Chapter 2-3)
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Poly-L-glutamate Na salt derivatized with 2-methyl-5-hydroxynaphthalene-1,4-dione-linker
(Chapter 2-12)
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2-Methyl-5-hydroxynaphthalene-1,4-dione-linker-azide (Chapter 2-16)
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Poly-L-glutamine derivatized with 2-methyl-5-hydroxynaphthalene-1,4-dione-linker (Chapter 2-
17)
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Appendix B: Selected NMR structures from Chapter 3
(Unlabeled peaks are thought to be residual solvent or benign contaminants.)
N-Fmoc-amantadine-COOH (Chapter 3-4)
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N-Boc-rimantadine-linker-azide (Chapter 3-9)
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Poly-L-glutamate Na salt derivatized with rimantadine (Chapter 3-15)
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Poly-L-glutamate Na salt derivatized with rimantadine and zerr-butyl groups (Chapter 3-22)
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Poly-acrylic acid Na salt derivatized with rimantadine (Chapter 3-24)
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Appendix C: Selected NMR structures from Chapter 4
N,N-dodecyl,methyl polyethylenimine (DMPEI)
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Permethylated branched polyethylenimine (PMPEI)
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