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(57) Abstract: According to some embodiments, the present
invention provides a modified silicone surtace for interfer-
ence to pathogen colonization comprising: an activated silic-
one layer; a plurality of cross-linking dendrimers adsorbed
onto to the activated silicone layer; a plurality of ligand de-
rivatives, each bound to at least one of the plurality of cross-
linking dendrimers; and a benign biotilm adhered to the plur-
ality of ligand derivatives. According to some embodiments,
the present invention provides a method for making a modi-
fied silicone surface for interference to pathogen colonization
comprising activating a silicone surface; adsorbing a plurality
of cross- linking dendrimers to the silicone surface; binding a
plurality of ligand derivatives to the plurality of cross-linking
dendrimers; and adhering a benign biofilm to the plurality of
ligand derivatives.
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COMPOSITIONS AND METHODS FOR MODIFYING A SILICONE SURFACE FOR
PROLONGED INTERFERENCE AGAINST PATHOGEN COLONOIZATION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application No. 61/451,866, to
Chengzhi Cai, entitled “Biofunctionalization of silicone polymers using poly(amido amine)
dendrimers and a mannose derivative for prolonged interference against pathogen colonization”,

hereby incorporated herein by reference.

STATEMENT OF FEDERAL GOVERNMENT SPONSORSHIP

[0002] The present invention was made with government support under Grant No. 1R21
HDO058985-02, awarded by the National Institutes of Health through the National Institute of
Child Health & Human Development; and Grant No. DMR-0706627, awarded by the National

Science Foundation. The Government has certain rights in this invention.

FIELD OF THE INVENTION

[0003] The present invention related to compositions and methods for anti-microbial silicone
surfaces.

BACKGROUND

[0004] Catheter-associated urinary tract infection (CAUT]I) is the most common type of hospital-
acquired infection accounting to about 30% of the infections reported by acute care hospitals in
the United States and affecting millions of patients worldwide annually [1-4]. Like other
nosocomial infections on medical implants, CAUTI involves the formation of pathogenic
biofilms on the surface of urinary catheters. Pathogenic bacteria in the biofilms are embedded in
a self-produced polymer matrix, which protect themselves against antimicrobial agents, and
facilitate the development of resistance to antibiotics [1, 5-8]. To inhibit biofilm formation, one

of the most studied strategies includes the incorporation of antimicrobial agents to urinary
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catheters, which are mostly made of silicone polymers [9-13]. While some of the results
encouraged further development, many appeared not promising, especially those relevant to
long-term catheter use [2, 3, 14]. A great challenge to overcome is to completely prevent
biofouling on the catheters, which blocks the antimicrobial agents and provides a new platform
for growing biofilms [2]. While recent studies on antifouling coatings against bacterial adhesion
has made impressive progress [9, 15-17], the rapidly increasing pressure of antibiotic resistance
and cost for treatment of CAUTTI has called to speed up the development of alternative strategies
[7, 18].

[0005] One alternative strategy is based on bacterial interference using benign biofilms of
probiotic bacteria to protect against the attachment and colonization of pathogens [19-24]. An
example of probiotic bacteria, also called “friendly bacteria™ or “good bacteria”, is the beneficial
bacteria found in the human gut [25]. Despite some of the potential safety concerns, such as gene
transfer and pathogenicity, it has been proven that probiotics are vital to proper health
maintenance [26, 27]. They have been used as dietary supplements and drug against various
bowel disease [25, 26], and investigated for preventing CAUTI and bacterial vaginosis [28-33].
In clinical trials, probiotic E. coli 83972 have successfully colonized bladders leading to a
significant decrease in the frequency of urinary tract infection without notable side effects [22-
24, 34, 35]. As compared to antimicrobial coatings that are prone to leaching and fouling [21, 30,
32, 36], the living biofilms of probiotic bacteria grown on catheters actively produce molecules
to outcompete a wide range of aggressive pathogens. This unique feature has rendered bacterial
interference one of the most promising approaches for preventing CAUTIL.

[0006] Despite of its great potentials, the effectiveness of the bacterial interference approach
relies greatly on the establishment of a high coverage, stable pre-formed benign biofilms on the
surface. Pre-inoculation of urinary catheters with E. coli 83972 was used to introduce the benign
bacteria to the bladder. However, it has been shown that E. coli 83972 and several other benign
bacteria adhered less and formed biofilms more slowly on silicone surfaces than common
uropathogens [37]. Interestingly, the results were the opposite on solid substrates (glass and

polystyrene tissue culture plates) [37]. Thus, the utility of the benign biofilms on silicone

2



WO 2012/125576 PCT/US2012/028798

catheter to outcompete challenge pathogens had been limited to relatively short bacterial
interference time (30 min) [38, 39], while prolonged exposure led to detachment and significant
decrease in coverage of the benign E. coli on the silicone catheter surface [40].

[0007] Biofilm formation is enhanced by the presence of adhesins including type 1 fimbriae
present on most E. coli strains [41]. However, the wild-type E. coli 83972 does not express the
common type 1 fimbriae because of its incomplete fim operon [42]. A transformed E. coli 83972
strain expressing type 1 fimbriae (fim+ E. coli 83972) improved the biofilm formation on urinary
catheters [43]. Since type 1 fimbriae binds mannose ligands [44], many E. coli strains expressing
type 1 fimbriae have a high affinity to mannose-presenting surfaces [45-49]. It has also been
demonstrated that the adherence of uropathogens is significantly reduced if a biofilm of fim+ E.
coli is pre-coated on the substrates [38, 39], including the mannose-modified single crystal
silicon substrates. Therefore, we anticipated that covalent modification of silicone catheters
would increase the coverage and stability of the biofilms of fim+ E. coli 83972 and improve the
efficiency for bacterial interference.

SUMMARY

[0008] According to some embodiments, the present invention provides a modified silicone
surface for interference to pathogen colonization comprising:an activated silicone layer; a
plurality of cross-linking dendrimers adsorbed onto to the activated silicone layer; a plurality of
ligand derivatives, each bound to at least one of the plurality of cross-linking dendrimers; and a
benign biofilm adhered to the plurality of ligand derivatives.

[0009] The activated silicone layer may comprise an oxidized silicone layer. The oxidized
silicone layer may comprise oxidized carbon species. The silicone layer may comprise
poly(dimethylsiloxane).

[0010] The cross-linking dendrimers may each comprise an amidation product of the amino-
terminus of an amino-terminated cross-linking dendrimer. The amino-terminated cross-linking
dendrimers may comprise a dendrimeric moiety selected from the group consisting of

poly(amido amine) polylysine, poly(amino acid), polyallylamine, polyamines, poly(propylene
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imine), and combinations thereof. The amino-terminated cross-linking dendrimers may each
comprise a generation 5 amino-terminated poly(amido amine) dendrimer.

[0011] The ligand derivatives may each comprise an amidation product of a carboxylic acid
terminal group. The ligand may comprise mannose. The ligand derivatives may each comprise
a linker. The linker may comprise oligo(ethylene) glycol. When the ligand comprises mannose
and an oligo(ethylene) glycol linker, the ligand derivatives may each comprise a glycosidic
linkage to one of the oligo(ethylene) glycol linker and a moiety bonded to the oligo(ethylene)
glycol linker. The moiety may be selected from the group consisting of phenyl, alkylphenyl,
biphenyl, fluorinated biphenyl, hydroxylated biphenyl, and triazolylalkyl.

[0012] The benign biofilm may be stable. The benign biofilm may be dense. The benign biofilm
may comprise a plurality of bacteria. The bacteria may comprise bacteria oriented vertically.
The bacteria may comprise E. coli 83972. The bacteria may comprise E. coli Nissle 1917.

[0013] It will be understood that the above-described composition variations may be used singly
or in combination. For example, according to some embodiments, the activated silicone layer
comprises poly(dimethyl siloxane) and oxidized carbon species; the cross-linking dendrimers
each comprise an amidation product of generation 5 amino-terminated poly(amido amine)
dendrimer; the mannose derivatives each comprise the amindation product of a carboxy
terminus, an oligo(ethylene) glycol linker, and a glycosidic linkage to one of the oligo(ethylene)
glycol linker and a moiety bonded to the oligo(ethylene) glycol linker, wherein the moiety is
selected from the group consisting of phenyl, alkylphenyl, biphenyl, fluorinated biphenyl,
hydroxylated biphenyl, and triazolylalkyl; and the benign biofilm comprises a plurality of
vertically oriented bacteria selected from the group consisting of E. coli 83972 and E. coli Nissle
1917.

[0014] According to some embodiments, the present invention provides a method for making a
modified silicone surface for interference to pathogen colonization comprising activating a
silicone surface;adsorbing a plurality of cross-linking dendrimers to the silicone surface; binding
a plurality of ligand derivatives to the plurality of cross-linking dendrimers; and adhering a

benign biofilm to the plurality of mannose derivatives.
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[0015] The activating may comprise oxidizing. The oxidizing may comprise treating with a
plasma. The treating may comprise optimized conditions. The optimized conditions may
comprise low power. The power may be between about 1 W and about 10 W.

[0016] The benign biofilm may comprises a plurality of bacteria and the optimized conditions
may comprise a plasma exposure time large enough to generate dense coverage of the bacteria
and small enough to minimize degradation of the oxidized silicone layer. The optimized
conditions may comprise a plasma exposure time between about 30 seconds and about 60
seconds.

[0017] The adsorbing may comprise immersing the activated silicone surface in a solution of the
plurality of cross-linking dendrimers.

[0018] The binding may comprise amidation. The cross-linking dendrimers may be amino-
terminated. The ligand derivatives may be carboxy-terminated. The binding may comprise
providing the ligand derivatives. The ligand may comprise a mannose derivative. The ligand
derivatives may each comprise a linker. The linker may comprise an oligo(ethylene) glycol
linker. The providing may comprise forming a glycosidic linkage to one of the oligo(ethylene)
glycol linker and a moiety bonded to the oligo(ethylene) glycol linker, wherein the moiety is
selected from the group consisting of phenyl, alkylphenyl, biphenyl, fluorinated biphenyl,
hydroxylated biphenyl, and triazolylalkyl. = The adsorbing may precede the binding.
Alternatively, the binding may precede the adsorbing.

[0019] The adhering comprise may incubation in a bacterial culture.

[0020] It will be understood that the above-described method variations may be used singly or

in combination.



WO 2012/125576 PCT/US2012/028798

BRIEF DESCRIPTION OF DRAWINGS

[0021] The foregoing summary as well as the following detailed description will be better
understood when read in conjunction with the appended drawings. It should be understood,
however, that the present invention is not limited to the precise arrangements and
instrumentalities shown herein. The components in the drawings are not necessarily to scale,
emphasis instead being placed upon clearly illustrating the principles of the present invention.
Moreover, in the drawings, like reference numerals designate corresponding parts throughout the
several views.

[0022] The invention may take physical form in certain parts and arrangement of parts. For a
more complete understanding of the present invention, and the advantages thereof, reference is
now made to the following descriptions taken in conjunction with the accompanying drawings,
in which:

[0101] Figure 1 depicts an outline of an embodiment of this invention: (A) Preparation of
mannose-presenting silicone (PDMS) surfaces by CO, plasma treatment for 15, 30, 45, 60 s to
provide the activated surfaces Py, respectively (n = plasma treatment time, and n is varied from
15 to 60 s), followed by immersion in a solution of G5 PAMAM dendrimers containing about
128 NH; groups, leading to the corresponding amino-terminated PAMAM surfaces PP, (where
15 < s < 60), and followed by the attachment of Mann-COOH to afford the corresponding
mannose-modified silicone surfaces MPP, (where 15 < n < 60), (B) Preparation of benign
biofilms of E. coli 83972 and demonstration of bacterial interference, i.e., by exclusion of

pathogens from the benign biofilm, using E. faecalis as a model;

[0102] Figure 2 depicts (A) Cls and (B) Si2p narrow scan XPS spectra of PDMS and oxidized
PDMS (P15-Pgo) surfaces;

[0103] Figure 3 depicts Monitoring of (A) PAMAM density by XPS and (B) advancing water
contact angles of the PDMS and PAMAM (PP) surfaces measured over a period of 36 or 38 days
storage in PBS;
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[0104] Figure 4 depicts representative reflected brightfield images of fim+ E. coli 83972 after 18
h incubation on (A, B) PDMS and (C, D) MPPys surfaces. PDMS were either (A) freshly
prepared (0 days) or (B) stored in PBS for 40 days. MPPys surfaces were derived from (C)
freshly prepared (0O days) or (D) stored in PBS for 40 days PP4s surfaces, and (E) results
representing the mean of at least 2 experiments where 10 fields were imaged for each sample

surface;

[0105] Figure 5 depicts representative reflected brightfield images of fim+ E. coli 83972 after 48
h incubation on (A) PDMS and (B) MPPy; surfaces, where the overlay of the red fluorescence
represents membrane-compromised bacteria, (C) results representing the mean of at least 3
experiments where 10 fields were imaged for each sample surface, and (D) results representing

the mean of 3 experiments done in duplicates;

[0106] Figure 6 depicts Representative fluorescence images of E. faecalis after 18 h incubation
on (A) PDMS and (B) MPPys surfaces, and (C) results representing the mean of at least 3

experiments where 10 fields were imaged for each sample surface;

[0107] Figure 7 depicts representative overlay images of FITC and brightfield after 72 h
incubation of E. faecalis (B, C, E, F) with or (A, D) without pre-formed E. coli 83972 on (A-C)
PDMS and (D-F) Mp4s surfaces, where the benign bacteria were grown for (B, E) 18 h or (C, F)
48 h on the PDMS and mannose surfaces, and (G) results representing the mean of at least 3

experiments where 10 fields were imaged for each sample surface;

[0108] Figure 8 depicts monitoring of PAMAM density by (A) XPS and (B) advancing water
contact angles of the PDMS and PAMAM (PP) surfaces measured over a period of 36 or 38 days

storage in PBS, where the PAMAM dendrimers were attached via amidiation chemistry;

[0109] Figure 9 depicts representative reflected brightfield images of fim+ E. coli 83972 after 18
h incubation on (A-D) covalently-linked dendrimer surfaces (PPy5-PPg, from left to right) and
the corresponding (F-I) mannose (MPP5s-MPPg, from left to right) surfaces;

7
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[0110] Figure 10 depicts bacterial interfence results for PDMS and MPPys surfaces pre-coated
with benign E. coli 83972 for 1 or 2 weeks, where almost no E. faecalis adhered to all E. coli
83972 surfaces after 30 min exposure with challenge pathogen and grown for 24 h in fresh LB
media, and representative results represent the mean of 2 experiments where 10 fields were

imaged for each sample surface;

[0111] Figure 11 depicts Scheme 1, preparation of a mannoside, shown as Mann-COOH in
Figure 1, and shown as EG5-Man in Figures 14 and 15, from Mann-N3;

[0112] Figure 12 depicts PAMAM Density versus Plasma time, where after the CO2 plasma,
samples were immediately immersed in 1mg/mL G5 PAMAM solution in PBS buffer for 1 h,
washed with Millipore water and dried with a flow of argon. Measurement was taken after

immersion in PBS for 0, 8, 15 and 36 days;

[0113] Figure 13 depicts Water Contact Angle versus Plasma time, where after the CO2 plasma,
samples were immediately immersed in 1mg/mL G5 PAMAM solution in PBS buffer for 1 h,
washed with Millipore water and dried with a flow of argon. Measurement was taken after

immersion in PBS for 0, 8, 15, 22 and 36 days;

[0114] Figure 14 depicts a scheme for the immobilization of various mannosides on the
PAMAM-modified PDMS to promote the formation of densely packed and stable biofilms of E.
coli 83972 for the effective prevention of adherence and colonization of pathogens, such as E.

Faecalis;

[0115] Figure 15 depicts a scheme for the immobilization of various mannosides on the
PAMAM-modified PDMS to promote the formation of densely packed and stable biofilms of E.
coli Nissle 1917 for the effective prevention of adherence and colonization of pathogens, such as

E. Faecalis;
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[0116] Figure 16 depicts a representative reflected brightfield image of E. coli Nissle 1917 on
BiPhen-Man surface showing almost a complete bacterial coverage of the surface after
incubation for 5 days, where the relatively flat surface consists of dot-like features measured ~1
um as shown by the red lines on the magnified image, indicating a vertical orientation of the

bacteria in the biofilms on this surface;

[0117] Figure 17 depicts (a) Summary of bacterial interference results after 11 days using F.
faecalis as challenge pathogen. The data represent the mean of at least 2 experiments where 10
fields were imaged for each surface, (b) representative green fluorescence image of bacterial
adherence by E. faecalis on BiPhen-Man surfaces after 11 days, with representative overlay of
reflected brightfield and green fluorescence images after prolonged bacterial interference against
E. faecalis (white arrows) for 11 days using pre-formed biofilms of (c) E. coli 83972 or (d) FE.

coli Nissle 1917 on BiPhen-Man surfaces;

[0118] Figures 18A, 18B,and 18C depict a scheme for preparation of a biphenyl mannoside,
compound 2a, also denoted as BiPhen-Man, where R=OH, in Figures 14 and 15;

[0119] Figure 19 depicts preparation of another biphenyl mannoside, compound 2b, also denoted
as BiPhen-Man, where R=F, in Figures 14, and BiPhen-F-Man in Figure 15.

[0120] Figure 20 depicts preparation of a triazolylalkyl mannoside, compound 3a, also denoted
as TA-C1-Man in Figures 14 And 15, and another triazolylalkyl mannoside, compound, 3b, also
denoted as TA-C3-Man in Figures 14 and 15; and

[0121] Figure 21 depicts preparation of an phenyl mannoside, compound 4, also denoted as Ph-
Man in Figure 14 and Phen-Man in Figure 15.
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DETAILED DESCRIPTION

[0023] According to some embodiments, the present invention discloses a novel, first-of-its-
kind, method for the modification of inert silicone-based polymers (such as PDMS) with
biologically active molecules, such as mannose derivatives. The disclosed method also used
includes the biofunctionalization of the modified PDMS surface for use in silicone-based
biomedical devices. Silicones are among the most widely used polymeric materials in medical
devices, including orthopedic, ophthalmic and aesthetic devices, catheters, drains and shunts [50-
52]. However, silicone surfaces are composed of inert alkylsiloxane moieties, thus need to be
activated prior to the covalent attachment of biomolecules. The current invention also discloses
an efficient method for incorporating a high density of amino groups on PDMS surfaces,
allowing for attachment of a wide variety of biomolecules. As an example demonstrated in the
examples, a mannose derivative was covalently attached to the surface. This method provided a
mannose-presenting thin film platform on PDMS that greatly increased the coverage and stability
of the benign biofilms of fim+ E. coli 83972, or Escherichia coli Nissle 1917. We also
demonstrated that the high coverage of the benign biofilms are necessary to nearly completely
inhibit the colonization of the uropathogen E. faecalis. The present invention finds broad
applications in biomedical devices, including implantable devices.

[0024] According to some embodiments, the present invention relates to a versatile and practical
method for the biofunctionalization of poly(dimethyisiloxane) {or PDMS) under mild CO,
plasma treatment followed by the attachment of generation 5 poly(amido amine) (or G5
PAMAM) dendrimer to create an amino-terminated platform with remarkable long-term stability
against pathogen colonization. The present invention is also well adapted for the attachment of
other structures, such as carboxy-terminated mannose derivatives, to the platform. The resulting
mannose-presenting PDMS surfaces are shown to significantly enhance the adherence and
biofilm formation of the benign fim+ Escherichia coli 83972, or Escherichia coli Nissle 1917,
which limits the colonization of pathogens. Such approach, also referred to bacterial interference
is a promising strategy that uses pre-established biofilms of benign bacteria to serve as live,

protective coating against pathogen colonization.
10
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[0025] According to some emobiments, the present invention shows a novel versatile and
practical method for biofunctionalization of PDMS based on mild CO, plasma treatment
followed by simple attachment of PAMAM dendrimer to create an amino-terminated platform
with remarkable long-term stability. We then attached a carboxy-terminated mannose derivative
to the platform. The resulting mannose-presenting PDMS surfaces enhanced the adherence and
biofilm formation of the benign fim+ Escherichia coli 83972.

[0026] The mild CO, plasma treatment has advantages in comparison to oxygen plasma.
Conventional methods for surface activation of polymers are mostly based on oxygen (O,)
plasma. However, we have found that oxygen plasma treatment of silicone polymers leads to
substantial degradation/fragmentation of the polymers, even using a low power (<7W) and short
duration (1-5 seconds) which are difficult to control. There is no report on the use of CO, plasma
to activate silicone surfaces, which is reactive to amines.

[0027] Another innovation in this application is the use of polyamines, such as PAMAM
dendrimers and polylysine, to cross-link the activated and partially degraded silicone polymers.
Adsorption of the dendrimer after CO; plasma activation is desirably immediately. According to
some embodiments, immediately is as soon as practicable, more particularly within a few
minutes. According to some embodiments, immediately is within a minute, more particularly
within 30 seconds, still more particularly within 10 seconds, yet more particularly within 5
seconds. Without immediate treatment of the surface after the CO, plasma activation, we found
that the hydrophilicity of the surface rapidly decrease, indicated the rapid rearrangement of the
polar groups (carboxylic acid, aldehydes and alcohols) into the bulk or dissolution into the
aqueous solution. In sharp comparison, the rapid treatment of the activated surfaces with
PAMAM dendrimers led to surfaces presenting amine that were stable for weeks in aqueous
solution, indicating the activated polymers are cross-linking by the polyamine, forming a stable
network presenting the amino groups on the surface.

[0028] It will be understood that PDMS is illustrative of silicones. Further, G5 PAMAM)
dendrimer is illustrative of an amino-terminated cross-linking dendrimer. Still further, mannose

is illustrative of a ligand.
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[0029] These pre-established biofilms of the benign bacteria were remarkably stable even under
challenging by a high initial concentration (10° CFU/mL) of the uropathogenic E. faecalis.
Furthermore, the benign biofilms reduced the adherence of E faecalis on the mannose surface by
104-fold after 72 h, while the benign bacteria on the unmodified substrate by only 5.5-fold. More
specifically, this invention clearly demonstrated the great importance of the establishment of a
dense, stable biofilm of the benign bacteria prior to bacterial interference. The strategy presented
in this work may be extended to modify silicone-based medical devices for preventing
pathogenic biofilm formation leading to infection. The bacterial interference approach offers
great potential in solving bacterial infection problems, particularly those associated with
prolonged use of medical devices where conventional attachment of antimicrobials has been
restricted by the development of microbial resistance.

[0030] While this disclosure focuses on the use of one type of mannose derivative for the
modification of silicone surfaces in order to enhance the coverage and stability of benign
biofilms, other carbohydrate derivatives with suitable linkers, including but not limited to those
containing alkyl, and/or one or mulitiple arylene units with various substitutents, and/or
oligo(ethylene glycol) are also well suited.

[0031] While the invention described herein specifically focuses on a versatile method for
biofunctionalization of PDMS-based films under mild CO, plasma treatment followed by the
simple attachment of PAMAM dendrimer to create an amino-terminated platform with
remarkable long-term stability, one of ordinary skills in the art, with the benefit of this
disclosure, would recognize the extension of the approach to other broad variety of systems.
[0032] The following examples are included to demonstrate particular embodiments of the
present invention. It should be appreciated by those of skill in the art that the methods disclosed
in the examples that follow merely represent exemplary embodiments of the present invention.
However, those of skill in the art should, in light of the present disclosure, appreciate that many
changes can be made in the specific embodiments described and still obtain a like or similar

result without departing from the spirit and scope of the present invention.

12



WO 2012/125576 PCT/US2012/028798

EXAMPLES

[0033] A preferred embodiment of the present invention describes the general approach of this
invention as illustrated in Figure 1. Step (A) relates to the preparation of mannose-presenting
silicone (PDMS) surfaces by CO; plasma treatment for 15, 30, 45, 60 seconds respectively to
provide the activated surfaces P, (n = plasma treatment time), followed by immersion in a
solution of G5 PAMAM dendrimers containing about 128 NH, groups, leading to the
corresponding amino-terminated PAMAM surfaces PP,, which is then followed by the
attachment of Mann-COOH to afford the corresponding mannose-modified silicone surfaces
MPP,. Step (B) relates to the preparation of benign biofilms of E. coli 83972 and the
demonstration of bacterial interference, i.e., the exclusion of pathogens from the benign biofilm,
using FE. faecalis as a model.

[0034] Oxygen (O») plasma has been commonly used on inert silicone to generate hydrophilic
functional groups, primarily silanols on the surface [58-61]. However, O, plasma is often
accompanied by an undesirable, fast recovery to full hydrophobic surface. The loss of
hydrophilicity over time, known as hydrophobic recovery, is a common phenomenon after
plasma treatment of silicone [62, 63]. It is a major problem for surface functionalization of
silicone polymers.[53-56] Several mechanisms to explain hydrophobic recovery had been
proposed [62, 64], including the migration of the native polymer from the bulk to the surface to
replace the fragmented, oxidized polymers on the surface [54, 58]. This phenomenon
significantly diminishes the stability of the surface functionalization of silicone. In search for a
milder method, we found that the seldom used of carbon dioxide plasma might be a potential
alternative to activate organic/polymer surfaces [65-69]. Not only does it greatly reduce the
degradation of silicone polymer [70], it also tends to generate more carboxylic acids on both
alkylsiloxane monolayers [65] and polyethylene surfaces [68, 69]. Moreover, successive CO;
plasma treatments afforded fully wettable surfaces [68, 70], which is not achievable with O,
plasma. The current invention systematically optimizes the CO, plasma exposure times (Fig. 1)
prior to attaching the PAMAM dendrimers, and the resulting plasma-treated surfaces are
systematically characterized by XPS and water contact angle measurements.

13
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[0035] A preferred embodiment of the present invention reveals the oxidation of PDMS layers
using CO; plasma. The Cls and Si2p narrow scan spectra of the oxidized PDMS are illustrated
in Fig. 2a and 2b, respectively. Evidence of oxidation was observed with the appearance of small
peaks at binding energies higher than 284.8 eV in the Cls narrow scan spectra compared to
untreated PDMS (Fig. 2a), corresponding to C-O (286.2 eV), C=0 (288.0 e¢V) and O-C=0
(289.2eV). On the other hand, silicone was also oxidized as shown by the increase in the peak
area (Fig. 2b) towards a higher binding energy (~104 eV). Partial degradation of carbon can also
be observed as given by the decrease in atomic concentration of carbon. This can be explained
by the possible removal of the methyl groups during the oxidation of the silicone and
replacement by hydroxyl groups. Similar to the report in the literature [62], a fully wettable
surface was obtained after 45 s of CO, plasma treatment (P4s5) as given by the measured
advancing water contact angle (< 10°) shown in Table 1. However, relatively shorter CO, plasma

exposure times (Pys and P3p) led to only partially wettable surfaces (Table 1).]
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2PAMAM density Advancing water
Surface (E+12 molecules/cm?) contact angles, °©
0 days 36 days 0 days 38 days
PDMS 104 + 1 107 £ 1
P1s <10
P30 <10
Pas 11 +1
Pso 28 +4
PP1s 1.5£01 1.0x0.3 93+£3 98 * 1
PP 29+01 1.8+0.2 68 + 1 90 +4
PP4s 3.4+0.1 1.9+0.1 54 +3 88 +3
PPso 3.3+01 20+05 4321 78 + 1

Table 1. characterization of PDMS, plasma-treated PDMS (P) and PAMAM-modified surfaces
(PP) using XPS and water contact angle. ? See Supplementary information for the equation
used to estimate the density, assuming that the adsorbed PAMAM molecules were be
flat with a uniform thickness and that the nitrogen atoms are evenly distributed along the
surface.
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[0036] Another novelty of this invention is the use of the generation 5 amino-terminated
poly(amidoamine) (G5 PAMAM) dendrimers to cross-link the activated silicone polymers on the
surface, thereby reducing their diffusion away from the surface. In addition, G5 PAMAM
dendrimers possess about 128 amino groups on its periphery [71-73], which are used to
immobilize them onto the oxidized PDMS surface and for bioconjugation (Fig. 1).
Immobilization of the dendrimers was achieved by immersing the activated silicone substrate in
a PBS solution of PAMAM for 1 h. Alternatively, we also attached PAMAM via amidation in
the presence of activating agents (EDC/NHS). Although the nature of the bonding of the
dendrimers on the samples prepared without EDC/NHS remains unclear, it possibly involves a
combination of multiple electrostatic interactions and covalent bonding through imine formation
as illustrated in Fig. 1. The surfaces before and after modification were characterized by XPS
and water contact angle measurements, as illustrated in Figures 3, 8, 12, and 13. The results from
XPS confirmed the presence of PAMAM by the appearance of N1s peak at around 400 eV in the
wide scan XPS spectra corresponding to both amine and amide nitrogen in PAMAM as well as
increase in the amide C=0O peak at 288 eV in the deconvoluted Cls narrow scan spectra. The
peak areas corresponding to the oxidized carbon species (286.5 and 288 eV, corresponding to C-
O and C=0, respectively) in the Cls spectra of the PAMAM surfaces were also observed to
increase with increasing plasma treatment time, signifying a greater density of attached
dendrimers for longer exposure to CO, plasma. The PAMAM surface density was determined by
XPS using a reference monolayer of bis(l1-azidoundecyl) disulfide, which is an azide-
terminated alkyl monolayer on gold, with a known density of nitrogen on the film surface (data
not shown). The chemisorbed PAMAM molecules on the surface was presumed to be a
compressed ellipsoidal shape similar to those in a monolayer [74]. Considering the nominal
diameter of G5 PAMAM, which is 54 A, the cross-sectional area occupied by each G5 PAMAM
dendrimer is 2290 A [75]. Thus, the density of PAMAM to completely cover a 1 cm” area is
estimated to be 4.4 x 10" molecules/cm®, and the coverage of the PAMAM on the oxidized
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PDMS surfaces ranges from 34% to 77%. The advancing water contact angles were obtained
right after PAMAM attachment and the results are summarized in Table 1. The values were
comparable to a reported initial water contact angle (40° + 2°) of a generation 4 PAMAM
dendrimer with a relatively high coverage (82.2%) [76]. The hydrophilicity of the PAMAM
surfaces also increased with the plasma treatment time, which supported a higher PAMAM
density for the surface with longer CO, plasma exposure (PPg).

[0037] Another preferred embodiment of the present invention discloses the stability of adsorbed
PAMAM on PDMS surfaces over time. The long-term stability of PAMAM films over 5 weeks
in PBS solution was also monitored by XPS and contact angle measurements. Fig. 3a shows a
huge drop in PAMAM density within 7 days in PBS, especially for PP4s and PPg, indicating
desorption of some PAMAM moieties that were weakly adsorbed on the surfaces. Afterwards,
the PAMAM densities were almost constant for over 5 weeks. Supporting these results were the
contact angles measured for almost the same period of time. In Fig. 3b, it can be seen that the
highest increase in advancing water contact angles was after the first 7 days. These results are
consistent with the loss of most of the PAMAM moieties during the first week as observed from
the calculated PAMAM densities using XPS. The incremental increase in the water contact angle
for the PAMAM surface in the following days may be attributed to the hydrophobic recovery of
PDMS. The diffusion of the untreated polymer to the surface from the bulk may have caused a
slight covering of the PAMAM adsorbed on the surface rendering the hydrophobicity. Table 1
shows that even after 36 days, more than 50% of the PAMAM molecules remained on the
surfaces, corresponding to a about 45% surface coverage. It should be noted, however, that the
PAMAM density values did not vary with the CO, plasma exposure time except for PPys, which
had the least initial PAMAM density. These results imply that while a greater amount of
carboxylic may presumably form with longer CO, plasma treatment time, it was not necessary to
attach more PAMAM on the surface. Due to the multiple amino groups in the PAMAM, it could
be potentially adsorbed even with a lower concentration of the carboxylic acid on the surface.

Surprisingly, the final PAMAM densities were also comparable to the ones covalently-linked
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with EDC/NHS (Table 2). Thus, substantial amount of PAMAM coated on oxidized PDMS

surface were remarkably stable over a long period of time (36 days) when stored in PBS.

PAMAM density Advancing water
(E+12 molecules/cm?) contact angles,
Surface
0 days 36 days 0 days 38 days
PP.s 2.9+0.1 1.5+£0.7 70 £ 9 93 + 1
PP.s 5.2+0.1 1.7+£04 45 + 4 85 + 2
PPgs 5707 1.7+0.1 37 +4 90 +4

Table 2. Characterization of PDMS, plasma-treated PDMS (P) and PAMAM-modified surfaces
(obtained via amidation using EDC/NHS) (PP) using XPS and water contact angle.

[0038] Another preferred embodiment of the present invention discloses the adherence of fim+
E. coli 83972 to mannose units (MPP45), as illustrated by the representative reflected brightfield
images of fim+ E. coli 83972 after 18 h incubation on (A, B) PDMS and (C, D) MPPys surfaces
(Fig 4). PDMS were either (A) freshly prepared or (B) stored in PBS for 40 days. MPPys
surfaces were derived from (C) freshly prepared or (D) stored in PBS for 40 days PPys surfaces.
(E) Results represent the mean of at least 2 experiments where 10 fields were imaged for each
sample surface.

[0039] In order to demonstrate the utility of the PAMAM-coated surfaces as a universal platform
for attachment of biomolecules, we have prepared a mannose derivative (Mann-COOH)
consisting of an oligo(ethylene) glycol (OEG) linker and a carboxylic acid terminal group, to

serve as the ligand for the type 1 fimbriae that mediates the attachment of the benign fim+ E. coli
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83972 to the surface. OEG was used as a linker to minimize nonspecific adsorption of bacteria to
the surfaces while the carboxyl group was for covalent attachment to the amino groups of the
PAMAM via amidation. The resulting mannose-coated surfaces (MPP) were subjected to
bacterial adherence assay using both the benign bacteria (fim+ E. coli 83972) and the challenge
pathogen (E. faecalis). After a preliminary screening of the mannose-coated (MPP) surfaces
derived from different PAMAM surfaces (PP), we selected MPPys as the mannose-presenting
model surface to perform the succeeding bacterial adherence and interference assays. In the first
set of bacterial adherence experiments, we observed the attachment of the fim+ E. coli 83972 to
MPPys surfaces derived from PP4s surfaces (Fig. 1), which have been freshly prepared or stored
in PBS for 40 days and compare the results to the corresponding PDMS control. All the sample
surfaces were incubated with a 10° CFU/mL concentration of the benign bacteria for 18 h at
37°C. The results (at 18h) were evaluated using a microscopy-based method and the selected
brightfield images are shown in Fig. 4a-4d. Using the Nikon Elements software, the results of
bacterial counting showed that the adherence of fim+ E. coli 83972 to MPPys surfaces (3.7 X 10°
E. coli/field) was increased by 2.2 fold compared to adherence to unmodified PDMS substrates
(1.3 X 10° E. coli/field, *P<0.001, T-test). Surprisingly, the results for the MPPys surfaces
derived from the PPys surfaces stored in PBS for 40 days showed no substantial difference from
the freshly prepared surfaces for both PDMS and mannose surfaces (*P>0.1, T-test). Similarly,
the MPPys surfaces (3.3 X 10° E. coliffield) resulted in better adherence than the PDMS surfaces
(1.1X 10° E. coliffield, *P<0.001, T-test). From the earlier results, we have shown that PAMAM
densities decrease after storage in PBS for 36 days. However, since the results showed almost
comparable attachment of the benign bacteria on the MPPy4s surfaces derived from the freshly
prepared and PBS stored PPys, it can be presumed that either a threshold mannose density was
reached for bacterial attachment or comparable mannose densities were achieved regardless of
the difference in PAMAM coverage. We had also compared the freshly MPP surfaces derived
from PP surfaces stored in PBS for 40 days to their corresponding PP surfaces derived from
amidation. Enhanced adherence was observed for the MPP surfaces than the PP surfaces while

comparable attachment were seen among the MPP surfaces (Figure 9).
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[0040] Figure 5 shows the representative reflected brightfield images of fim+ E. coli 83972 after
48 h incubation (instead of 18h) on (A) PDMS and (B) MPPys surfaces. The overlay of the red
fluorescence represents membrane-compromised bacteria. (C) Results represent the mean of at
least 3 experiments where 10 fields were imaged for each sample surface. (D) Results represent
the mean of 3 experiments done in duplicates. The relatively short duration of the bacterial
adherence (18 h) did not allow the benign bacteria to completely cover the mannose surface.
Thus, we extend the incubation time to 48 h to permit further growth of the benign bacteria and
to see whether it is capable to form biofilms on the mannose surface during this time. We
hypothesize that in order for these benign bacteria to serve as a durable protective coating against
the pathogens; they must form a dense (high coverage), stable biofilm on the surface. The results
for the 48 h adherence assay are summarized in Fig. 5. Since counting individual bacterium as
done in the previous set of experiments was impossible due to the formation of more bacterial
aggregates that overlap each other in this case, the percent area covered by the bacterial
aggregates per field was taken as the quantitative measure to compare the surfaces. The results
showed enhanced adherence of the benign bacteria on the MPPys surface (Fig. 5b) compared
with the PDMS surface (Fig. S5a) (1.5-fold increase in area, *P<0.00, T-test). However,
compared to the results from the 18 h incubation with the benign bacteria, the enhancement of
adherence was lower (1.5-fold versus 2.2-fold) during the 48 h adherence assay. We attribute this
discrepancy to the limitation of the quantitative measure of the adherence in this case. During the
48 h incubation, while we have seen that the benign bacteria had increased adherence on the
PDMS surface, a dense biofilm of benign bacteria was also found in the mannose surface. Most
bacteria in the crowded biofilm on the mannose surface was observed to have changed their
orientation to the vertical standing up position (circular) from the horizontal lying position
(elongated) as mostly seen in the PDMS to maintain contact with mannose. This observation of
the vertical orientation of the bacteria is remarkable. It was reported that the vertical orientation
enhances motility of the bacteria which facilitates biofilm formation [77]. The difference on
bacterial orientation caused an underestimation for bacterial adherence on the mannose surface

by a factor of 2-3 as compared to the PDMS surface. In our attempt to have a more accurate
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quantification of the bacteria on the surface, we performed a plate-based adherence assay on both
PDMS and MPPys surfaces. A detergent solution (0.01% SDS) and sonication (10 min) were
used to detach the benign bacteria from the surfaces. The results are plotted in Fig. 5D. The
benign bacteria showed better adherence to MPPys surfaces (2.3 X 10° CFU/mL) by 2.3-fold
compared with PDMS (1.0 X 10° CFU/mL). This data still represent an underestimate of the
adherence on the mannose surface due to strong binding of the bacteria to this surface resulting
in incomplete detachment of the bacteria as revealed by microscopic images.

[0041] Another important concern for an effective bacterial interference is the viability of the
benign bacteria on the surfaces. In order to address this concern, we have conducted a simple
viability test via live/dead imaging using propidium iodide to detect the presence of bacteria with
compromised cell membranes. While we have already shown earlier through the plate-based
counting method the viable counts of the benign fim+ E. coli on both MPP4s and PDMS
surfaces, this live/dead imaging procedure was performed due to the ease of screening all the PP
and MPP surfaces rather than doing the more tedious plating. Using this simple test, the bacteria
having compromised cell membranes (dead bacteria) show red fluorescence at 562-588 nm. The
overlay of the red fluorescence with the brightfield images reflects the ratio of the dead to the
live bacteria on the surfaces. Results showed that in both PDMS and MPPys surfaces, only few
bacteria (< 10%) were found to have compromised cell membranes (Fig. 5a-5c¢), signifying low
toxicity to the benign bacteria. PAMAM dendrimers, on the other hand, have been reported to
inhibit the growth of Gram negative bacteria [78, 79]. A modified minimum inhibitory
concentration (MIC) assay [78] was used to test various concentrations (3.1 - 400 pg/mL) of the
PAMAM dendrimer for antibacterial activity against the benign fim+ E. coli §3972. The MIC
value obtained is 200 wmL, suggesting a very low toxicity for the unmodified PAMAM
dendrimer to the benign bacteria. Even these PAMAM dendrimers might increase their local
concentration on the surface, similar to MPP4s and PDMS surfaces, the PPys surfaces gave
similar results wherein ~10% of the adherent bacteria were found to have compromised cell

membranes.
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[0042] Another preferred embodiment of the present invention shows the representative
fluorescence images of E. faecalis after 18 h incubation on (A) PDMS and (B) MPPys surfaces.
(C) Results represent the mean of at least 3 experiments where 10 fields were imaged for each
sample surface(fig.6). Bacterial adherence assay was also performed on uropathogenic E.
faecalis. These bacteria were found to be commonly associated with implantable device-related
infections and thus used in our bacterial interference assay as a challenge organism [38]. The
results of the fluorescence-based microscopy assay showed greater adherence of E. faecalis to
MPPy5 surface compared to PDMS (15.7-fold increase in area, *P<0.001, T-test) (Fig. 6).
However, the probable mechanism for the observed preferential attachment of E. faecalis to
mannose surfaces has yet to be explored.

[0043] Another preferred embodiment of the present invention shows the bacterial interfence
results for PDMS and MPPys surfaces pre-coated with benign E. coli 83972 for 1 or 2 weeks.
Almost no E. faecalis adhered to all E. coli 83972 surfaces after 30 min exposure with challenge
pathogen and grown for 24 h in fresh LB media. Representative results represent the mean of 2
experiments where 10 fields were imaged for each sample surface. Bacterial interference were
initially performed on surfaces that were pre-coated with the benign fim+ E. coli for a period of
one week and two weeks. However, the interference assays were performed at relatively short
exposure time with the challenge pathogen (30 min or 24 h incubation). Successful results
showed almost no E. faecalis attachment on both PDMS and MPPys surfaces (Figure 10).

[0044] Another preferred embodiment of the present invention shows the representative overlay
images of FITC and brightfield after 72 h incubation of E. faecalis (B, C, E, F) with or (A, D)
without pre-formed FE. coli 83972 on (A-C) PDMS and (D-F) Mgys surfaces. The benign bacteria
were grown for (B, E) 18 h or (C, F) 48 h on the PDMS and mannose surfaces. (G) Results
represent the mean of at least 3 experiments where 10 fields were imaged for each sample
surface (fig.7). In an attempt to stretch the capabilities of the benign biofilms to prevent the
attachment and subsequent colonization of E. faecalis, we have subjected the surfaces to a longer
72 h incubation with the challenge pathogen. To ensure that there were no depletion of the

nutrients from the media and that enough viable challenge pathogen is present during the length
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of the assay, the surfaces were transferred to new LB media inoculated with freshly prepared
suspension of E. faecalis (10° CFU/mL) every 24 h. Prior to the 72 h challenge with E. faecalis,
both MPP,5 and PDMS surfaces were incubated with the benign fim+ E. coli for 18 or 48 h. This
comparison (18 versus 48 h) was made to establish the importance of creating a high coverage,
stable biofilms of benign bacteria prior to bacterial interference. Representative images from the
microscopy-based assay and quantification of results are shown in Fig. 7. As a control, the F.
faecalis was also grown for 72 h on both surfaces but without a pre-established biofilm of the
benign bacteria. Upon treatment of the unmodified PDMS and the mannose-modified PDMS
surface MPPys with E. coli 83972 for 18 h, E. faecalis adherence was reduced by 2.4-fold (in
area of E. faecalis, *P<0.001, T-test) and 16.9-fold (in area of E. faecalis, *P<0.001, T-test),
respectively. Hence, even the coverage was low, the existence of E. coli 83972 successfully
impeded the growth of E. faecalis on both PDMS and mannose surfaces. On the other hand, the
bacterial interference was greatly improved when higher coverages of benign fim+ E. coli (~
50% to almost full area coverage for PDMS and MPPys, respectively) were pre-formed on the
surfaces after 48 h of adherence. Significantly, such coating of E. coli 83972 biofilms resulted in
a 5.4-fold (in area, *P<0.001, T-test) decrease of F. faecalis adherence on PDMS surface while a
104-fold (in area, *P<0.001, T-test) decrease on the mannose-modified surface MPPys. The
durability of the benign biofilms during bacterial interference for 72 h reflect their remarkable
stability on the mannose-modified surfaces. As a general observation, the surface area coverages
of the benign bacteria decreased in the presence of the challenge pathogen. The decrease,
however, was much more evident for the PDMS surfaces which did not form stable benign F.
coli biofilms. For instance, the coverage of the adherent benign bacteria on PDMS was greatly
decreased from (55.1 £ 3.7)% to (7.2 + 2.8)% during bacterial interference for 72 h. On the other
hand, there is only a slight decrease from (82.5 = 1.34)% to (77.1 £ 5.9)% coverage of the benign
biofilms even after continuously challenging with a high concentration (10° CFU/mL) of E.
faecalis for 72 h. These remarkable results were attributed to the greatly enhanced stability of
the benign biofilms on the MPPys surfaces compared to PDMS.
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[0045] Another preferred embodiment of the present invention teaches use of the probiotic E.
coli strain Nissle 1917 that has been marketed for more than 90 years under the trade name
“Mutaflor” as a probiotic remedy against intestinal disorder. The native E. coli Nissle 1917 is the
most studied and extensively tested E. coli strain for use in humans, and it possesses an intact
type 1 fimbriae for binding to mannose-presenting surfaces [80]. Another novelty of the present
invention is the first use of this probiotic strain to establish a densely packed biofilm on
mannose-presenting silicone surfaces for prolonged bacterial interference against the attachment
and colonization of uropathogenic E. faecalis bacteria.

[0046] Another preferred embodiment of the present invention teaches a method to modify the
surface of silicone with generation 5 poly(amidoamine) (GS PAMAM) dendrimers, followed by
attachment of a variety of mannosides varying the glycosidic linkage, including oligo(ethylene
glycol) (EGs-Man), biphenyl (BiPhen-Man), alkynylphenyl (Phen-Man) and triazolylalkyl
(TA-C1-Man, TA-C3-Man, Figure 14), where TA-Cl1 indicates triazolylmethyl and TA-C3
indicates triazoylypropyl. These glycosidic linkages have been reported to enhance the binding
of mannosides with FimH receptor in solution [§1-84]. We evaluated the adherence and biofilm
formation of E. coli Nissle 1917 on these mannoside-presenting surfaces. To the best of our
knowledge, the attachment of E. coli Nissle 1917 to surfaces presenting mannose has not been
explored prior to this study. We further challenged the Nissle 1917-coated surfaces with
uropathogenic E. faecalis for 11 days at a high concentration (10° CFU/mL), that is, three orders
of magnitude higher than the diagnostic threshold concentration for urinary tract infection. We
finally compared the performance of E. coli Nissle 1917 with that of fim+ E. coli 83972 on these
mannoside surfaces.

[0047] The biofilm formation of E. coli Nissle 1917 on the above mannoside surfaces was
performed in static conditions to promote type 1 fimbriae expression in the bacteria [85]. As
compared to fim+ E. coli 83972 that formed biofilms on all mannoside surfaces after 2 days
incubation, E. coli Nissle 1917 took longer time (5 days) to form biofilms on selected mannose
surfaces. Although the biofilms of E. coli Nissle 1917 grew more slowly than those of fim+ E.
coli 83972 on the mannoside surfaces, they had a comparable density and better stability (see
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below). As shown by the reflected brightfield image (Fig. 15), E. coli Nissle 1917 almost
completely covered the BiPhen-Man surface. A close examination of the magnified image
reveals a relatively flat morphology consisting of closely packed dots measured ~ 1 pum in
diameter, similar to the diameter of the bacteria. This observation suggests a vertical (standing
up) orientation for most bacteria in the biofilms. Similar vertical orientation of the bacteria was
observed in the biofilms of fim+ E. coli 83972 on the BiPhen-Man surfaces.

[0048] The above biofilms of E. coli Nissle 1917 were then challenged by a common
uropathogen Enterococcus faecalis. The surfaces were incubated with the challenge bacterial
suspension (10° CFU mL™) in LB media for 11 days (Fig. 16b-3d), with the samples transferred
to a fresh suspension of E. faecalis (10° CFU mL™) every 24 h. To differentiate the two bacteria
by microscopy, a GFP-transformed E. faecalis strain was used in the experiments together with
the non-fluorescent E. coli Nissle 1917. The corresponding surfaces without the pre-established
benign biofilms were used as the control (Fig. 16b). The bacterial interference performance of E.
coli Nissle 1917 was compared with fim+ E. coli 83972. The results are presented in Fig. 16a,
plotting the coverage of E. faecalis on all surfaces. Adherence of E. faecalis to all the surfaces
without pre-formed benign biofilms did not show any significant difference (*P = 0.641). On the
other hand, the presence of both E. coli Nissle 1917 and fim+ E. coli 83972 biofilms decreased
the adherence of the pathogenic bacteria in all surfaces after the long-term (11 days) bacterial
interference. The performance of the E. coli Nissle 1917 biofilm on the mannoside surfaces
follows the order of Biphen-Man > Phen-Man > TA-C3-Man > EGs-Man > TA-C1-Man >>
Biphen-F-Man. The order for fim+ E. coli 83972 is similar. Significantly, Fig. 16a shows that
the benign biofilms of E. coli Nissle 1917 performed better than fim+ E. coli 83972, with all
surfaces having fewer E. faecalis adherence (*P = 0.016, T-test). For example, the pre-
established biofilms of E. coli Nissle 1917 (Fig. 16d) on the BiPhen-Man surface performed
substantially better than E. coli 83972 (Fig. 16c), resulting in a 19-fold vs 10-fold decrease in E.
faecalis coverage relative to the control surface without any benign biofilm (Fig. 16b) (*P <
0.05, T-test). A closer look at the magnified overlay of the reflected brightfield and fluorescence

image in Fig. 3d revealed that a dense, stable benign biofilm of E. coli Nissle was maintained on
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the BiPhen-Man surface even after 11 days of continuous challenge with the aggressive biofilm-
forming pathogen E. faecalis (10° CFU mL™).

[0049] Another preferred embodiment of the present invention teaches the preparation of
PAMAM-modified PDMS surfaces.

[0050] Preparation of the PDMS substrates: A 10:1 ratio of PDMS base and curing agent
(SYLGARD 184 Silicone Elastomer Kit, Dow Corning, Midland, MI) were mixed thoroughly

and allowed to stand for at least 30 min or until no bubbles were detected in the mixture. To
prepare a thin layer of PDMS, the mixture was gently poured on top of a clean silicon wafer, and
then pressed against a film of octadecyltrichlorosilane (OTS) (Sigma Aldrich, St. Louis, MO)
pre-formed on another silicon wafer. The OTS monolayer was assembled by immersing a clean
silicon wafer in a solution of 0.1 M OTS in toluene for 30 min, followed by rinsing with toluene
and drying with argon. The purpose of using an OTS film was to aid in the peeling of the top
silicon layer to expose a relatively flat PDMS surface. The mixture was cured at 110 °C for 1 h.
After 1 h, the OTS-modified silicon wafer was peeled and the PDMS surface was put in a vial
and heated to 110 °C under vacuum to remove contamination from low boiling point
components.

[0051] Oxidation by CO» plasma and attachment of PAMAM dendrimers: CO; plasma oxidation
was carried out on the PDMS surface using Harrick plasma cleaner (Model PDC-32G, 100 W)

with low power setting (6.8 W). The PDMS surfaces were exposed to CO, plasma at different
exposure times, 15 s, 30 s, 45 s, 60 s, to provide the plasma-treated PDMS substrates, Pys, P,
P4s and Pgo (Fig. 1), respectively. The resulting oxidized PDMS were immediately immersed in a
solution of 1 mg/mL Generation 5 poly(amidoamine) (G5 PAMAM) dendrimer (Dendritech,
Inc., Midland, MI) in phosphate buffered saline (PBS) for 1 h to provide the PAMAM-coated
surfaces PP;s, PP3y, PPys and PP (Fig.1). All the PAMAM-coated surfaces were washed
copiously with Millipore water and dried with argon.

[0052] Another preferred embodiment of the present invention teaches the characterization of

PDMS and PAMAM surfaces.
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[0053] Preparation of the standard for PAMAM density calculations: Silicon substrates

evaporated with gold films were cut into 1 x 2 cm” area, and treated with oxygen plasma for 1
min. The gold surfaces were directly immersed in a solution of bis(11-azidoundecyl) disulfide
(Sigma Aldrich, St. Louis, MO) in absolute ethanol. After 24 h, the films were washed with
absolute ethanol, and dried with a flow of argon. An ellipsometer (Rudolph Research, Auto EL
III), operated with a 632.8 nm He—Ne laser at an incident angle of 70°, was used for thickness
measurement of the azide-terminated self-assembled monolayer (SAM) on gold assuming a
refractive index of 1.45 for the organic layers. At least three measurements were taken for each
sample. The ellipsometric thickness of the samples was measured to a constant value (13.0 £ 0.5
A) prior to XPS measurements.

[0054] X-ray photoelectron spectroscopy (XPS): A PHI 5700 X-ray photoelectron spectrometer

was equipped with a monochromatic Al Ko X-ray source (hv=1486.7 eV) incident at 90°
relative to the axis of a hemispherical energy analyzer. The spectrometer was operated both at
high and low resolutions with pass energies of 23.5 eV and 187.85 eV, respectively, a
photoelectron take off angle of 45° from the surface, and an analyzer spot diameter of 1.1 mm.
High resolution spectra were obtained for photoelectrons emitted from Cls, Ols, Si2p and Nls
for PDMS and PAMAM surfaces, and Au4f and S2p for the azide-terminated SAM standard. All
spectra were collected at room temperature with a base pressure of 1 x 10, Electron binding
energies were calibrated with respect to the Cls line at 284.8 eV (C-C). A PHI Multipak
software (version 5.0A) was used for all data processing. The high resolution data were analyzed
first by background subtraction using the Shirley routine and a subsequent non-linear fitting to
mixed Gaussian-Lorentzian functions. Atomic compositions were derived from the high-
resolution scans. Peak areas were obtained after subtraction of the integrated baseline and
corrected for sensitivity factors.

[0055] Contact-angle goniometry: Advancing contact angles were measured at room temperature

and ambient relative humidity using a contact angle goniometer (Rame -Hart model 100) while
the pipet tip is still in contact with the water droplet. Millipore water (pH = 7.0) was dispensed

and withdrawn using a Matrix Technologies micro-Electrapette 25. At least three measurements
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were collected for each sample. Initial contact angle measurements were performed immediately
after plasma treatment for the oxidized PDMS surfaces (P), while the freshly prepared PAMAM
surfaces (PP) were first washed with Millipore water and dried with argon to remove weakly
bound PAMAM from the surface before taking the measurements.

[0056] Long-term stability of PAMAM surfaces: In order to determine the stability of the
PAMAM coatings on PDMS, both PAMAM and untreated PDMS surfaces were stored in a 24-

well plate containing 0.5 mL of PBS buffer and monitored with XPS and contact angle
measurements during time periods of 7, 15, 22 and 36 days. Prior to all measurements, the
samples were thoroughly washed with Millipore water and dried with argon to remove any
physisorbed contaminants.

[0057] Another preferred embodiment of the present invention teaches the preparation of
mannose-presenting PDMS surfaces.

[0058] Synthesis of carboxy-terminated mannose with OEG linker

[0059] (Mann-COOH): Triphenylphosphene (36.0 mg, 0.077 mmol) was added to a solution of

azide-terminated mannose (Mann-N3) [47] (18 mg, 0.038 mmol) in 1 mL of tetrahydrofuran.
The mixture was stirred overnight. Subsequent removal of the solvent followed by purification
by column chromatography using 20% methanol in dichloromethane gave the amino-terminated
mannose (Mann-NH») (14.3 mg, 85%). 'H NMR (300 MHz, D,0) ¢ 4.01-3.41 (m, 30 H), 3.17
(s, 1 H); C NMR (75 MHz, D,0) § 99.9, 72.7, 70.5, 69.9, 69.5, 69.4, 69.3, 66.7, 66.4, 60.9,
39.1; MS (ESI) m/z calculated for C;sH3NOy;: 443.5; found: 444.5 (IM + H]"). Maleic
anhydride (327 mg, 3.26 mmol) was then added to the resulting Mann-NH, (725 mg, 1.63
mmol) dissolved in 1 mL of tetrahydrofuran and the mixture was stirred overnight. The solvent
was removed and purification by column chromatography using 20% methanol in
dichloromethane gave the carboxy-terminated mannose (502.4 mg, 57%). 'H NMR (300 MHz,
D,0) 6 3.95-3.77 (m, 5 H), 3.75-3.61 (m, 26 H), 2.5 (m, 4 H); *C NMR (75 MHz, D,0) 6 179.7,
175.6, 99.9, 72.7, 70.5, 69.9, 69.5, 69.4, 68.8, 66.7, 66.3, 60.9, 38.9, 31.9, 31.7; MS (ESI) m/z
caled for CoHyNOy,: 543.6; found: 566.4 (M + Na]"). Preparation of Mann-COOH is
illustrated in Figure 11.
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[0060] Coupling of carboxy-terminated mannose to PAMAM-modified PDMS surfaces.

PAMAM-coated surfaces (PP1s, PP3p, PP4s and PPg, Fig.1) were placed on separate wells in a
24-well plate. A solution containing 3 mM Mann-COOH, 60 mM of I-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 30 mM N-hydroxysuccinimide
(NHS) in Millipore water was prepared. A 0.5 mL of this solution was used to immerse each of
the PAMAM surfaces for 2 h. After 2 h, the substrates were washed with Millipore water and
dried with argon to provide the mannose-coated surfaces (MPP;5, MPP3y, MPP4s and MPPg,
Fig. 1).

[0061] Another preferred embodiment of the present invention shows the preparation of bacterial
strains. Derivative strains of Escherichia coli 83972 expressing type 1 fimbriae (fim+ E. coli
83972) [47] and the challenge pathogenic bacteria, a human bloodstream isolate of Enterococcus
faecalis, which was transformed with pMB158GFP to express GFP [57], were provided by Dr.
Barbara W. Trautner at Baylor College of Medicine. For all bacterial assays, a single colony
from each bacterial plate was grown in 50 mL of Luria Bertani (LB) (BD, Franklin Lakes, NJ)
media containing appropriate antibiotics (20 pg/mL chloramphenicol (Sigma Aldrich, St. Louis,
MO) and 4 pg/mL tetracycline (Sigma Aldrich, St. Louis, MO) for benign fim+ E. coli 83972
and E. faecalis, respectively). After overnight incubation, the optical density at 600 nm (ODgg)
was adjusted to 0.25 for each bacterial culture, corresponding to a bacterial concentration of 10°
CFU/mL.

[0062] Another preferred embodiment of the present invention teaches how to measure the
adherence assay of E. coli 83972 and E. faecalis. The ability of fim+ E. coli 83972 and E.
faecalis to adhere to mannose-coated (MPP) and PDMS surfaces was assessed by the following
adherence assay. Each surface was placed in a 15 mL centrifuge tube containing 10 mL of LB
media with appropriate antibiotics, and inoculated with of either fim+ E. coli 83972 or E. faecalis
to obtain a bacterial concentration of 10° CFU/mL (10 uL of the bacterial suspension with an
ODggp of 0.25 were added to 10 mL of LB in each tube). The surfaces were incubated with the
respective bacteria for 18 or 48 h with shaking at 37 °C. After incubation, the surfaces were

rinsed three times in PBS prior to mounting on a glass slide for microscope imaging. In addition
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to the microscopy-based assay, a standard plate-based counting was performed to obtain the
viable bacterial counts of fim+ E. coli 83972 that adhered on the surfaces. Thus, the surfaces
following the final rinse with PBS were transferred to a 1 mL solution of 0.01% sodium dodecyl
sulfate (SDS), and sonicated for 10 min. Serial dilutions from the sonicated bacterial suspension
(107, 107 and 107) were prepared and 10 microliters of each dilution was plated in duplicates on
LB agar with chloramphenicol antibiotic. The plates were incubated at 37 °C, and the bacterial
colonies formed were counted after 24 h.

[0063] Another preferred embodiment of the present invention teaches how to conduct the
bacterial interference assay. Bacterial interference assays were performed with some
modifications to an established protocol for in vitro bacterial interference [38, 39]. The surfaces
were first placed in 10 mL of LB broth containing 20 pg/mL of chloramphenicol antibiotic and
10° CFU/mL bacterial suspension of fim+ E. coli 83972. The benign bacteria were allowed to
adhere to the surfaces for a period of 18 or 48 h with shaking at 37 °C. The surfaces with pre-
formed fim+ E. coli biofilms were transferred to 10 mL sterile LB (no antibiotics) in separate 15-
mL tubes containing 10° CFU/mL bacterial suspension of the challenge E. faecalis pathogen.
The tubes were continuously shaken at 37 °C for 24 h. After the first 24 h, the surfaces were
transferred to new 15 mL centrifuge tubes containing 10 mL of freshly prepared challenge
pathogen suspension (10° CFU/mL), and then re-incubated with shaking at 37 °C. This
procedure was done three times such that the total time for bacterial interference is 72 h. At the
end of the bacterial interference, the surfaces were rinsed three times in PBS, and then imaged
using a fluorescence microscope.

[0064] Another preferred embodiment of the present invention teaches how to obtain
microscopy imaging of the surfaces. The images from the bacterial adherence and interference
assays were obtained using the 40X objective and the reflected brightfield and FITC filters of a
Nikon 801 Microscope (Nikon Instruments, Melville, NY). NIS Elements software (Version 3.0,
Nikon Instruments, Melville, NY) and a CoolSnap HQ2 camera (Photometrics, Tuscon, AZ)
were used for image acquisition and analysis. Differentiation of the two strains used in the

bacterial interference experiment was possible since the E. faecalis expresses GFP (Aem = 535
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nm) while the fim+ E. coli 83972 is non-fluorescent. Live/dead imaging was performed by
adding 1.5 pL of 15 uM propidium iodide, a dye which show red fluorescence for membrane-
compromised cell death, on the surfaces having the pre-formed fim+ E. coli 83972 prior to
viewing under the microscope.

[0065] E. coli Nissle 1917 bacterial preparation. E. coli Nissle 1917 was prepared by dissolving

one capsule of the commercially available “Mutaflor” (Mutaflor, Medical Futures Inc., Ontario,
Canada) in Luria Bertani (LB, 50 mL) (BD, Franklin Lakes, NJ) broth overnight at 37 °C without
shaking. The resulting bacterial suspension was diluted (1:100, bacterial suspension: fresh LB)
and re-incubated overnight under static conditions at 37 °C. The resulting bacterial suspension
was diluted (107, 102 and 107) and plated on LB agar. The plates were incubated overnight at
37 °C. Fresh LB broth (50 mL) was then inoculated with a single colony of E. coli Nissle 1917
from the plates that were grown overnight. The optical density of the resulting bacterial
suspension was adjusted ([ODgy] = 0.25, 10® CFU mL'l). On the other hand, fim+ FE. coli 83972
and E. faecalis were prepared similar to our previous report [13]. Briefly, a single colony from
each bacterial plate containing fim+ E. coli 83972 and E. faecalis was incubated in LB broth (50
mL) containing appropriate antibiotics (20 g/mL chloramphenicol (Sigma Aldrich, St. Louis,
MO) and 4 g/mL tetracycline (Sigma Aldrich, St. Louis, MO) for benign fim+ E. coli 83972
and E. faecalis, respectively). After overnight static incubation at 37 °C, the optical density was
adjusted for each bacterial culture ([ODgpo] = 0.25, 10® CFU mL'l).

[0066] Adherence of E. coli Nissle 1917 A modified bacterial adherence assay was performed

to evaluate the ability of E. coli Nissle 1917 to attach to various mannose-presenting and control
surfaces. Each surface was placed on a separate well of a 24-well plate and inoculated with E.
coli Nissle 1917 bacterial suspension (1 mL, 10° CFU mL™). The surfaces were incubated with
the probiotic bacteria for 5-6 days without shaking at 37 °C. After incubation, the surfaces were
rinsed by immersing the surfaces three times in PBS solution to remove loosely attached bacteria
prior to microscope imaging.

[0067] Bacterial interference assay against E. faecalis. The surfaces with pre-established

biofilms of E. coli Nissle 1917 were placed in separate wells of a 24-well plate LB media (50
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mL) inoculated with a bacterial suspension of E. faecalis (108 CFU mL'l). The surfaces were
incubated for 11 days at 37°C under static conditions, with replacement of fresh bacterial
suspension of E. faecalis (10° CFU mL™) every 24 h. For comparison, a set of experiment was
performed on surfaces pre-coated with fim+ E. coli 83972 (by incubation with fim+ E. coli
83972 (108 CFU mL'l) for 2 days) [31]. At the end of the bacterial interference (11 days), the
surfaces were immersed in PBS solution three times prior to viewing under the microscope.
[0068] Synthesis of carboxy-terminated mannose with OEG linker. Alternative mannosides.

[0069] Procedures for synthesis of compound 2a (Figures 18A, 18B, 18C).

[0070] Compound 7 was prepared in two steps according to methods known in the art [86].

[0071] Synthesis of compound 8: Under nitrogen atmosphere, to a solution of compound 7 (2.8

g, 9.11 mmol) in anhydrous THF (15 mL) was added 60% sodium hydride suspended in mineral
(10.6 mg, 0.05 equiv) at room temperature. After stirring for 10 minutes, fert-butyl acrylate (6.6
mL, 5 equiv) was added, and the mixture was allowed to stir for 12 h at room temperature.
Followed the evaporation of the volatile components under reduced pressure, water (10 mL) and
dichloromethane (15 mL) was added. The organic layer was separated, and the aqueous layer
was extracted by dichloromethane (15 mL X 3). The combined organic layers were washed by
brine (10 mL) and dried over anhydrous MgSO,. After filtration and concentration, the residue
was purified by silica gel column chromatography to afford the desired product 8 (2.57 g, 65%
yield). 'H NMR (400 MHz, CDCl5): d 3.70-3.6 (m, 24 H), 3.38 (t, J = 5.5 Hz, 2 H), 2.49 (t, J =
6.4 Hz, 2 H), 1.44 (s, 9 H). C NMR (100 MHz, CDCls): 6 170.95, 80.52, 70.72, 70.70, 70.6,
70.61, 70.52, 70.40, 70.08, 66.92, 50.69, 36.28, 28.13. MS (ESI): [M+Na'] caled for
Ci19H37N3NaOg = 458.2, Found 458.2.

[0072] Synthesis of compound 9: To a 50 mL round bottom flask was charged with compound 8
(1.06 g, 2.43 mmol), Pd/C (259 mg, 10 mol%), and ethyl acetate (20 mL). The mixture was

stirred and mildly bubbled by hydrogen for 4 hours at room temperature. Filtration and

evaporation afforded the desired product 9 that was directly used for the next step without

purification. 'H NMR (500 MHz, CDCLy): 6 3.55 (t, J = 6.3 Hz, 2 H), 3.50-3.40 (m, 20 H), 3.36

(t, J = 5.2 Hz, 2 H), 2.71 (t, J = 5.2 Hz, 2 H), 2.35 (t, J = 6.3 Hz, 2 H), 1.29 (s, 9 H). °C NMR
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(125 MHz, CDCls): ¢ 170.83, 80.39, 73.43, 70.53, 70.44, 70.32, 70.23, 66.83, 41.77, 36.19,
28.06. MS (ESI): [M+H"] caled for C19H4NOg = 410.3, Found 410.3.

[0073] Compound 11 was prepared according to the methods known in the art [87].

[0074] Synthesis of compound 12: To a solution of compound 11 (6.4 g, 20 mmol), methanol
(40 mL), and dichloromethane (20 mL) was added sodium hydroxide (840 mg, 21 mmol). The

mixture was allowed to stir at room temperature for 20 h. The solvents were removed under
reduced pressure. Lots of white precipitate formed when water (9 mL), dichloromethane (10
mL), and ethyl acetate (10 mL) were added while stirring, which was collected by filtration, well
washed with a mixture of dichloromethane (10 mL) and ethyl acetate (10 mL), and then with
water (10 mL). After transferring the solid (mono sodium salt) to a separatory funnel, ethyl
acetate (80 mL) and conc. HCI (3 mL) diluted with water (20 mL) were successively added. The
mixture was vigorously shaken until the solid was disappeared. Then the organic layer was
separated and the aqueous layer was extracted by ethyl acetate (25 mL). The organic layers were
combined and washed by brine (20 mL), dried over MgSOQsy, filtered, and concentrated. The solid
obtained was washed with n-hexane/ethyl acetate (4/1, 10 mL), providing the desired product 12
as a white powder (4.28 g, 70% yield). 'H NMR (400 MHz, CD3;COCDs): 0 8.54 (m, 1 H), 8.51
(m, 1 H), 8.47 (m, 1 H), 3.91 (s, 3 H). *C NMR (100 MHz, CD;COCDs): J 164.58, 164.33,
142.32, 141.91, 133.07, 132.52, 129.55, 93.32, 52.21.

[0075] Synthesis of compound 13: To a solution of compound 12 (306 mg, 1 mmol), HBTU

(455 mg, 1.2 equiv), and dichloromethane (15 mL) was added diisopropylethylamine (524 uL,
3.0 equiv). After stirring for 30 min, amine 9 (451 mg, 1.1 equiv) was added and the resulting
mixture was allowed to stir for 15 h. The reaction course could be followed by TLC (4% MeOH
in ethyl acetate). When the reaction completed, the reaction mixture was washed by sat. NH4ClI
(10 mL), dried over MgSOy, filtered, concentrated, purified by silica gel column chromatography
(eluent: ethyl acetate) to afford the desired product 13 as a yellow viscous oil (540 mg, 78%
yield). "H NMR (400 MHz, CDCls): § 8.38 (m, 1 H), 8.35 (m, 1 H), 8.33 (m, 1 H), 7.34 (t, J =
5.5 Hz, 1 H), 3.86 (s, 3 H), 3.7-3.5 (m, 26 H), 2.43 (t, ] = 6.4 Hz, 2 H), 1.37 (s, 9 H). "C NMR
(100 MHz, CDCls): ¢ 171.17, 165.39, 165.01, 140.93, 140.68, 136.58, 132.06, 127.46, 93.83,
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80.77, 70.28, 70.19, 70.14, 70.10, 70.00, 69.83, 66.73, 52.68, 40.01, 36.05, 28.13. MS (ESD:
[M+Na"] calcd for CogH44INNaQO;; = 720.2, Found 720.1.

[0076] Compound 15 was prepared according to methods known in the art [88].

[0077] Synthesis of compound 16: Under N, atmosphere, a mixture of compound 15 (2.75 g, 5
mmol), bis(pinacolato)diboron (1.524 g, 1.2 equiv), AcOK (1.472 g, 3 equiv), PdCl,(dppf)
(122.5 mg, 0.03 equiv), and DMSO (12 mL) was stirred at 80 °C for 10 h. After cooling, water

(50 mL) was added, and the resulting mixture was extracted with dichloromethane (30 mL x 3).
The combined organic layers were washed with brine (20 mLx2), dried over MgSQO,, filtered,
and concentrated. The residue obtained was subjected to the silica gel column chromatography
for purification to afford the desired product 16 as a white foam powder (2.34 g, 85% yield). 'H
NMR (400 MHz, CDCl5): 0 7.75 (d, J = 8.7 Hz, 2 H), 7.06 (d, J = 8.7 Hz, 2 H), 5.56-5.53 (m, 2
H), 543 (m, 1 H), 5.35 (t, /=10.1 Hz, 1 H), 4.27 (dd, ] = 5.0, 12.4 Hz, 1 H), 4.11-3.99 (m, 2 H),
2.18 (s, 3 H), 2.03 (s, 3 H), 2.02 (s, 3 H), 2.02 (s, 3 H), 1.31 (s, 12 H). *C NMR (100 MHz,
CDClI): ¢ 170.66, 170.06, 170.02, 169.84, 158.03, 136.66, 115.72, 95.46, 83.85, 69.41, 69.25,
68.92, 65.93, 62.10, 24.92, 20.97, 20.79. MS (ESI): [M+Na"] caled for C,6H35sBNaOy, = 573.2,
Found 573.3.

[0078] Synthesis of compound 17: Under N, atmosphere, a mixture of 13 (261 mg, 0.374 mmol),
16 (281 mg, 1.365 equiv), CsF (171 mg, 3 equiv), Pd(PPhs)4 (30.3 mg, 0.07 equiv), and THF (4

mL) was stirred at 80 °C for 12 h. The mixture was allowed to cool down to room temperature
and the solvent was removed under reduced pressure. Dichloromethane (10 mL) was added,
which was followed by filtration. The filter cake was thoroughly washed with dichloromethane.
Concentrating the filtrate gave the crude product which was purified by silica gel column
chromatography (gradient elution: from ethyl acetate to 2% MeOH in ethyl acetate). The desired
product 17 was obtained as light yellow syrup (300 mg, 81% yield). 'H NMR (400 MHz,
CDCls): 0 8.30 (m, 1 H), 8.26 (m, 1 H), 8.22 (m, 1 H), 7.55 (d, /= 8.7Hz,2 H), 7.13 (d, J = 8.7
Hz,2H),5.53(d,/J=23Hz,1H),551(,J=3.7Hz, 1 H),542 (m, 1 H), 5.33 (t, / = 10.1 Hz,
1 H), 424 (dd, J = 5.0, 11.9 Hz, 1 H), 4.08-4.00 (m, 2 H), 3.89 (s, 3 H), 3.64- 3.50 (m, 26 H),
241 (t, J = 6.4 Hz, 2 H), 2.15 (s, 3 H), 2.00 (s, 3 H), 1.99 (s, 3 H), 1.98 (s, 3 H), 1.36 (s, 9 H).
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5C NMR (100 MHz, CDCls): § 170.93, 170.56, 170.02, 170.00, 169.77, 166.56, 166.38, 155.71,
141.08, 135.68, 134.09, 130.96, 130.35, 128.50, 126.28, 116.98, 95.81, 80.52, 70.54, 70.48,
70.34, 70.31, 69.80, 69.35, 69.31, 68.88, 66.89, 65.89, 62.11, 52.47, 40.11, 36.26, 28.12, 20.95,
20.76. MS (ESD): [M+Na*] caled for C4sHg;NNaO,; = 1016.4, Found 1016.3.

[0079] Synthesis of compound 18: To a solution of compound 17 (410 mg, 0.42 mmol) in

dichloromethane (1 mL) was added trifluoroacetic acid (1 mL). The mixture was stirred for 15 h.
The reaction was completed as detected by TLC (4% MeOH in ethyl acetate). After removing
the volatile components under reduced pressure, the residue was purified by silica gel column
chromatography (eluent: 0 to 50% MeOH in ethyl acetate), giving the product 18 as white foam
powder (387 mg, 99% yield). "H NMR (400 MHz, CDCls): § 8.34 (m, 1 H), 8.27 (m, 1 H), 8.25
(m,1H),7.57(d,J=287Hz,2H),7.13 (d, J = 8.7 Hz, 2 H), 5.54-5.50 (m, 2 H), 5.42 (m, 1 H),
5.33 (t, J = 10.1 Hz, 1 H), 4.24 (dd, J = 5.0, 11.9 Hz, 1 H), 4.06-4.00 (m, 2 H), 3.89 (s, 3 H),
3.70- 3.50 (m, 26 H), 2.51 (t, J = 6.4 Hz, 2 H), 2.16 (s, 3 H), 2.01 (s, 3 H), 1.99 (s, 3 H), 1.98 (s,
3 H). *C NMR (100 MHz, CDCls): § 174.69, 170.64, 170.09, 170.05, 169.81, 166.90, 166.47,
155.70, 141.04, 135.52, 134.05, 130.96, 130.34, 128.51, 126.51, 116.99, 95.79, 70.22, 70.18,
70.11, 70.04, 69.91, 69.36, 69.30, 68.90, 66.56, 65.90, 62.13, 52.50, 40.04, 34.90, 20.95, 20.76.
MS (ESD): [M+Na*] caled for C44HsoNNaO»; = 960.3, Found 960.6.

[0080] Synthesis of compound 2a: Under N,, sodium methoxide (68 mg, 3 equiv) was added to

the solution of compound 18 (396 mg, 0.42 mmol) in anhydrous methanol (4 mL). After stirring
for 12 h, the reaction was quenched and neutralized by acidic ion-exchange resin DOWEX-50W,
filtered, washed with methanol, and concentrated to give the crude product. Further purification
was performed by silica gel column chromatography (gradient elution from 5% to 50% MeOH in
ethyl acetate) to give the pure product 2a as white foam powder (160 mg, 50% yield). 'H NMR
(400 MHz, CD;0D): ¢ 8.35 (m, 1 H), 8.25 (m, 1 H), 8.22 (m, 1 H), 7.58 (d, J = 8.7 Hz, 2 H),
720(d,J=92Hz,2H),554(d,J=14Hz, 1H),4.92 (s, 5 H), 4.04 (m, 1 H), 3.95-3.92 (m, 4
H), 3.80- 3.50 (m, 30 H), 2.49 (t, J = 6.4 Hz, 2 H). >C NMR (100 MHz, CDsOD): § 175.08,
167.65, 166.34, 156.84, 141.27, 135.33, 132.93, 130.97, 129.77, 129.55, 128.03, 126.39, 117.01,
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98.75, 74.20, 71.09, 70.60, 70.09 70.04, 69.96, 69.90, 69.82, 69.32, 66.98, 66.80, 61.34, 51.75,
39.77, 35.12. MS (ESI): [M+Na'] calcd for C36Hs;NNaQ;7 = 792.3, Found 792 4.
[0081] Procedures for the synthesis of compound 2b (Figure 19).

[0082] Compound 21 was synthesized according to the literatures, which was obtained as a
mixture of anomers (a/f = 1.2 :1), according to methods known in the art [89].

[0083] Compound 23 was synthesized via two steps with compound 22 as the intermediate
according to the method used for the analogous transformations of methyl 1,3,4-tri-O-acetyl-o/f-
D-fructofuranoside to methyl 1,3,4-tri-O-acetyl-6-deoxy-6-fluoro-o/p-D-fructofuranoside,
according to methods known in the art [90].

[0084] Synthesis of compound 22: At -10 °C, to a mixture of compound 21 (o/f=1.2:1) (7.6 g,
21.8 mmol), pyridine (2.5 mL, 1.5 equiv), and dichloromethane (200 mL) was added triflic

anhydride (4.0 mL, 1.1 equiv). After stirring for 45 min, water (100 mL) was added. The organic
layer was separated and the aqueous layer was extracted with dichloromethane (30 mL x 3). The
organic layers were combined, washed successively with 10% H>SO4 (80 mL), sat. NaHCOs
(100 mL), and brine (100 mL), dried over MgSQ,, filtered, concentrated to give the crude
product. Further purification by silica gel column chromatography (eluent: n-hexane/ethyl
acetate: 2:1) provided the product 22 as light yellow viscous oil (9.5 g, 92% yield), which was a
mixture of anomers (o/f=1.4:1). 'H NMR (500 MHz, CDCLs): for the a-anomer: é 6.07 (d, J
=1.7Hz, 1 H), 533 (m, 1 H), 5.28 (m, 1 H), 5.21 (m, 1 H), 4.51 (m, 2 H), 4.10 (m, 1 H), 2.14 (s,
6 H), 2.05 (s, 3 H), 1.98 (s, 3 H). For the B-anomer: J 5.87 (d, 1.2 Hz, 1 H), 5.45(dd, /= 1.2,2.9
Hz, 1 H), 5.21 (m, 1 H), 5.14 (dd, J = 3.4, 9.8 Hz, 1 H), 4.53 (m, 2 H), 3.91 (m, 1 H), 2.17 (s, 3
H), 2.07 (s, 3 H), 2.05 (s, 3 H), 1.97 (s, 3 H). *C NMR (125 MHz, CDCl3): § 170.21, 169.99,
169.78, 169.70, 169.65, 168.33, 167.91, 118.54 (q, 'Jc. r = 319.4 Hz), 90.25, 90.09, 73.43, 73.28,
72.48, 70.33, 70.24, 68.38, 68.10, 67.92, 65.33, 65.26, 20.81, 20.72, 20.64, 20.59, 20.55. "°F
NMR (470 MHz, CDCls): B-anomer: -74.30 (s); a-anomer: -74.41 (s).

[0085] Synthesis of compound 23: To a solution of compound 22 (9.5 g, 20 mmol) in tert-amyl

alcohol (60 mL) was added CsF (9.12 g, 3.0 equiv) in one portion. The mixture was refluxed
while stirring for 40 min, and then allowed to cool down to room temperature. After evaporating
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the rert-amyl alcohol under reduced pressure, ethyl acetate (30 mL) was added. The dark brown
undissolved solid was removed by filtration. The filtrate was concentrated and the residue was
purified by silica gel column chromatography (eluent: n-hexane/ethyl acetate: 3:1 to 2:1),
providing the pure product 23 as light yellow solid (4.0 g, 57% yield), which was a mixture of
anomers (o/f =4.7 : 1). 'H NMR (500 MHz, CDCly): for the a-anomer: d 6.08 (d, J = 1.7 Hz, 1
H), 5.35 (m, 2 H), 5.25 (s, 1 H), 4.48 (m, 2 H), 4.00 (m, 1 H), 2.14 (s, 6 H), 2.05 (s, 3 H), 2.00 (s,
3 H); For the B-anomer: ¢ 5.87 (s, 1 H), 5.47 (d, J = 2.3 Hz, 1 H), 5.34 (m, 1 H), 5.14 (dd, J =
3.5,10.3 Hz, 1 H), 4.60 (m, 2 H), 3.90 (m, 1 H), 2.20 (s, 3 H), 2.09 (s, 3 H), 2.06 (s, 3 H), 2.00
(s, 3 H). BC NMR (125 MHz, CDCl;): for the a-anomer: 0 170.13, 169.89, 169.58, 169.17,
90.57, 81.00 (d, 'Je. 5 = 176.1 Hz), 71.4 (d, *Je, v = 19.2 Hz), 68.73, 68.30, 65.16 (d, *Je,r = 6.4
Hz), 20.93, 20.84, 20.74; For the B-anomer: 170.32, 169.93, 169.61, 168.49, 90.31, 80.99 (d, 'Jc.
v = 175.2 Hz), 73.80 (d, *Jc ¢ = 19.2 Hz), 70.71, 68.18, 65.03 (d, *Jc ¢ = 6.4 Hz), 20.76, 20.63.
F NMR (470 MHz, CDCl3): B-anomer: -231.94 (dt, “Jy, ¢ = 47.7 Hz, *Jy ¢ = 21.6 Hz); o-
anomer: -232.39 (dt, *Jy r = 46.8 Hz, *Ji = 22.5 Hz).

[0086] Synthesis of compound 24: (The method used to synthesize compound 15 was applied.)
At 0 °C, triflic acid (60 uL, 0.15 equiv) was added to a solution of compound 23 (1.3 g, 3.7

mmol), 4-iodophenol (1.633 g, 2 equiv) in dry dichloromethane (60 mL). The mixture was
stirred for 12 h at 0 °C. Trifilic acid was neutralized by addition of Et;N (65 uL). After removing
the solvent under reduced pressure, the residue was purified by silica gel column
chromatography (eluent: n-hexane/ethyl acetate: 10:1 to 5:1) to provide the pure product 24 as
light yellow solid (1.25 g, 66% yield). "H NMR (500 MHz, CDCls): 6 7.55 (d, 9.2 Hz, 2 H),
6.83(d,J=92Hz 2H),554(d, J=34,103Hz, 1 H), 547 (d,J = 1.2 Hz, 1 H), 5.38-5.34
(m, 2 H), 449 (m, 1 H), 4.39 (m, 1 H), 4.02, (m, 1 H), 2.15 (s, 3 H), 2.03 (s, 3 H), 2.00 (s, 3 H).
BC NMR (125 MHz, CDCls): d 170.05, 169.66, 155.53, 138.65, 118.73, 95.78, 85.96, 81.16 (d,
'Je. v = 175.2 Hz), 70.03 (d, *Jc. r = 19.2 Hz), 69.18, 68.76, 65.30 (d, *Jc. ¢ = 7.3 Hz), 20.93,
20.79, 20.76. F NMR (470 MHz, CDCls): -232.56 (dt, %/ ¢ = 47.7 Hz, *Ju ¢ = 23.4 Hz).

[0087] Synthesis of compound 25: Under N, atmosphere, a mixture of compound 24 (1.2 g, 2
mmol), bis(pinacolato)diboron (610 mg, 1.2 equiv), AcOK (589 mg, 3 equiv), PdCl,(dppf) (49
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mg, 0.03 equiv), and DMSO (12 mL) was stirred at 80 °C for 12 h. After cooling, water (20 mL)
was added, and the resulting mixture was extracted with dichloromethane (10 mL X 3). The
combined organic layers were washed with brine (10 mLx2), dried over MgSQ,, filtered, and
concentrated. The residue obtained was subjected to the silica gel column chromatography for
purification to afford the desired product 25 as a white foam powder (820 mg, 80% yield). 'H
NMR (500 MHz, CDCls): 6 7.73 (d, 8.1 Hz, 2 H), 7.05 (d, / = 8.6 Hz, 2 H), 5.57 (d, / = 1.2 Hz,
1 H), 5.54 (dd, J = 3.4, 10.3 Hz, 1 H), 5.40-5.34 (m, 2 H), 443 (d,/J=29Hz,1H),434(d, J =
2.9 Hz, 1 H), 3.95, (m, 1 H), 2.15 (s, 3 H), 2.02 (s, 3 H), 2.00 (s, 3 H), 1.28 (s, 12 H). °C NMR
(125 MHz, CDCls): ¢ 170.05, 170.02, 169.64, 157.98, 136.70, 115.56, 95.33, 83.80, 81.09 (d,
e r = 176.1 Hz), 69.90 (d, *Je, ¢ = 18.3 Hz), 69.27, 68.88, 65.34 (d, *Jc. ¢ = 6.4 Hz), 24.94,
24.90, 20.88, 20.76, 20.74. '’F NMR (470 MHz, CDCls): -233.10 (dt, *Ji ¢ = 47.7 Hz, *Jyy r =
25.2 Hz).

[0088] Synthesis of compound 26: Under N, atmosphere, a mixture of 13 (540 mg, 0.774
mmol), 25 (592 mg, 1.5 equiv), CsF (365 mg, 3 equiv), Pd(PPh3)4 (65 mg, 0.07 equiv), and THF

(15 mL) was stirred at 80 °C for 12 h. The mixture was allowed to cool down to room
temperature and the solvent was removed under reduced pressure. Dichloromethane (10 mL) was
added, which was followed by filtration. The filter cake was thoroughly washed with
dichloromethane. Concentrating the filtrate gave the crude product which was purified by silica
gel column chromatography (gradient elution: from ethyl acetate to 2% MeOH in ethyl acetate).
The desired product 26 was obtained as light yellow syrup (620 mg, 84% yield). 'H NMR (500
MHz, CDCls): ¢ 8.34 (m, 1 H), 8.29 (m, 1 H), 8.24 (m, 1 H), 7.58 (m, 2 H), 7.27 (t, /] = 5.2 Hz, 1
H), 7.15 (m, 2 H), 5.57 (m, 2 H), 5.40 (m, 2 H),4.49(d,/J=29Hz, 1 H),440(d,/J=35Hz, 1
H), 4.06 (m, 1 H), 3.92 (s, 3 H), 3.70-3.50 (m, 26 H), 2.44 (t, / = 6.3 Hz, 2 H), 2.17 (s, 3 H), 2.04
(s, 3 H), 2.02 (s, 3 H), 1.39 (s, 9 H). >C NMR (125 MHz, CDCls): J 171.00, 170.13, 170.09,
169.71, 166.65, 166.42, 155.75, 141.14, 135.66, 134.11, 130.99, 130.42, 130.30, 128.61, 126.39,
116.88, 95.78, 81.21 (d, 'Je, v = 175.2 Hz), 80.60, 70.55, 70.47, 70.41, 70.27, 70.07, 69.91,
69.30, 68.87, 66.88, 65.38 (d, *Jc. ¢ = 6.4 Hz), 52.49, 40.10, 36.23, 28.14, 20.96, 20.81, 20.78. '°F

38



WO 2012/125576 PCT/US2012/028798

NMR (470 MHz, CDClLs): -232.70 (dt, *Ju ¢ = 47.7 Hz, *Ji ¢ = 24.3 Hz). MS (ESD): [M+Na*]
calcd for C46HeuFNNaOj9 = 976.4, Found 976.3.
[0089] Synthesis of compound 27: To a solution of compound 26 (620 mg, 0.65 mmol) in

dichloromethane (2 mL) was added trifluoroacetic acid (2 mL). The mixture was stirred for 20 h.
The reaction was completed as detected by TLC (4% MeOH in ethyl acetate). After removing
the volatile components under reduced pressure, the residue was purified by silica gel column
chromatography (eluent: 0 to 50% MeOH in ethyl acetate), giving the product 27 as white foam
powder (540 mg, 92% yield). 'H NMR (500 MHz, CDCls): § 8.27 (s, 1 H), 8.16 (m, 2 H), 8.24
(m, 1 H), 7.86 (brs, 1 H), 748 (d, J=8.6 Hz,2 H), 7.04 (d, / = 8.6 Hz, 2 H), 548 (d, J = 1.8
Hz, 1 H), 5.45(dd, J = 3.4,10.3 Hz, 1 H), 5.34 (m, 1 H), 5.30 (t, /= 10.3 Hz, 1 H), 4.39(d, J =
29Hz,1H),429(,J=29Hz, 1H), 394 (m,1H),3.79 (s, 3 H), 3.60-3.40 (m, 26 H), 2.44 (t,
J = 6.3 Hz, 2 H), 2.07 (s, 3 H), 1.95 (s, 3 H), 1.91 (s, 3 H). C NMR (125 MHz, CDCls): §
174.39, 170.06, 170.02, 169.67, 166.98, 166.34, 155.63, 140.82, 135.39, 133.90, 130.85, 130.17,
130.11, 128.46, 126.69, 116.84, 95.67, 81.12 (d, 'Je. ¢ = 175.2 Hz), 70.05, 69.94, 69.90, 69.81,
69.17, 68.84, 66.42, 65.19 (d, *Jc r = 6.4 Hz), 52.38, 39.92, 34.69, 20.80, 20.66, 20.64. PFNMR
(470 MHz, CDCls): -232.70 (dt, *Jy ¢ = 47.7, *Ju v = 24.3 Hz). MS (ESI): [M+Na'] calcd for
C42HssFNNaOj9 = 920.3, Found 920.5.

[0090] Synthesis of compound 2b: Under N>, sodium methoxide (97 mg, 3 equiv) was added to

the solution of compound 27 (540 mg, 0.6 mmol) in anhydrous methanol (5 mL). After stirring
for 19 h, the reaction was quenched and neutralized by acidic ion-exchange resin DOWEX-50W,
filtered, washed with methanol, and concentrated to give the crude product. Further purification
was performed by silica gel column chromatography (gradient elution from 0% to 20% MeOH in
ethyl acetate) to give the pure product 2b as white foam powder (264 mg, 57% yield). 'H NMR
(500 MHz, CD;OD): 6 8.39 (s, 1 H), 8.31 (s, 1 H), 8.26 (s, 1 H), 7.64 (d, J = 8.6 Hz, 2 H), 7.20
(d, J = 8.6 Hz, 2 H), 5.55 (s, 1 H), 4.90 (br, 5 H), 4.70-4.48 (m, 2 H), 4.04 (t, / = 1.8 Hz, 1 H),
3.92 (m, 4 H), 3.78 (m, 2 H), 3.74-3.54 (m, 26 H), 2.51 (t, J = 6.3 Hz, 2 H). >C NMR (125
MHz, CD;OD): ¢ 174.39, 167.75, 166.35, 156.72, 141.33, 135.38, 133.14, 131.05, 129.82,
129.58, 128.07, 126.43, 116.92, 98.73, 82.09 (d, 'Je. r = 172.5 Hz), 72.90 (d, *Jc ¢ = 18.3 Hz),
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71.04, 70.43, 70.02, 69.94, 69.86, 69.79, 69.42, 66.42, 65.88 (d, *Jc. ¥ = 6.4 Hz), 51.69, 39.70,
34.39. ’F NMR (470 MHz, CD;0D): -234.45 (dt, *Jy. ¢ = 47.7, *Ju ¢ = 23.4 Hz). MS (ESI):
[M+Na"] caled for C3sHsogFNNaQ;¢ = 794.3, Found 794.5.

[0091] Procedures for the synthesis of compound 3a/b (Figure 20).

[0092] Compound 28a was prepared from 14 according to the methods known in the art [87].
[0093] Compound 28b was prepared from 14 according to the similar procedure for the
preparation of 28a. Colorless thick oil; 32% yield; 'H NMR (400 MHz, CDCl5): 6 5.3-5.2 (m, 3
H), 4.78 (d, /= 1.4 Hz, 1 H), 4.25 (dd, J = 5.0, 12.4 Hz, 1 H), 4.06 (dd, J = 2.3, 12.4 Hz, 1 H),
3.98 (m, 1 H), 3.81 (m, 1 H), 3.51 (m, 1 H), 2.29 (m, 2 H), 2.12 (s, 3 H), 2.07 (s, 3 H), 2.01 (s, 3
H), 1.95-1.94 (m, 4 H), 1.79 (m, 2 H). *C NMR (100 MHz, CDCls): 6 170.77, 170.18, 170.00,
169.84, 97.66, 83.27, 69.62, 69.22, 69.16, 68.49, 66.50, 66.12, 62.46, 27.93, 21.01, 20.86, 20.81,
15.27. MS (ESD): [M+Na*] caled for CgH,6NaQOo = 437.1, Found 437.5.

[0094] Synthesis of compound 29a and 29b: To a solution of alkyne 28a (206 mg, 0.533 mmol)
and azide 8 (279 mg, 1.2 equiv) in THF/H,O (1:1, 3 mL) was added CuSQO, (8.5 mg, 0.1 equiv)

and sodium ascorbate (23 mg, 0.2 equiv). The mixture was stirred at room temperature for 20 h.
Then, water (5 mL) and dichloromethane (5 mL) was added, transferred to a separatory funnel.
The organic layer was separated and the aqueous layer was extracted with dichloromethane (5
mL X 3). The organic layers were combined, washed by brine (5 mL), dried over MgSOy,
filtered, and concentrated. The residue was purified by silica gel column chromatography (5%
methanol in ethyl acetate) to give the desired product 29a as colorless viscous oil (450 mg, 99%
yield). '"H NMR (400 MHz, CDCls): 6 7.78 (s, 1 H), 5.29-5.27 (m, 2 H), 5.21 (m, 1 H), 4.95 (d,
J=14Hz,1H),482(d,J=124Hz, 1 H),4.66(d,J=12.4Hz, 1 H), 454 (t,/ =5.0Hz, 2 H),
4.28 (dd, J = 5.0, 12.4 Hz, 1 H), 4.08 (m, 2 H), 3.87 (t, J = 5.5 Hz, 2 H), 3.68 (t, / = 6.4 Hz, 2
H), 3.62-3.55 (m, 20 H), 2.47 (t, J = 6.4 Hz, 2 H), 2.13 (s, 3 H), 2.10 (s, 3 H), 2.01 (s, 3 H), 1.95
(s, 3 H), 1.42 (s, 9 H). C NMR (100 MHz, CDCl): ¢ 170.87, 170.67, 169.96, 169.81, 169.70,
143.15, 124.43, 96.74, 80.44, 70.52, 70.44, 70.32, 69.37, 69.03, 68.60, 66.84, 65.98, 62.32,
60.84, 50.29, 36.21, 28.07, 20.89, 20.79, 20.71, 20.68. MS (ESI): [M+Na'] caled for
C36HsoN3NaOjg = 844.4, Found 844.3.
40



WO 2012/125576 PCT/US2012/028798

[0095] Compound 29b was prepared from 28b following the similar procedure for the
preparation of 29a; colorless viscous oil; 71% yield. 'H NMR (500 MHz, CDCl3): 6 7.46 (s, 1
H), 5.28-5.19 (m, 2 H), 5.17 (m, 1 H), 4.75 (d, / = 1.8 Hz, 1 H), 4.46 (t, J = 5.2 Hz, 2 H), 4.23
(dd, J=5.7,12.6 Hz, 1 H),4.03 (dd, / = 2.3, 12.1 Hz, 1 H), 3.94 (m, 1 H), 3.80 (t, /=52 Hz, 2
H), 3.72 (m, 1 H), 3.64 (t, J = 6.3 Hz, 2 H), 3.6-3.5 (m, 22 H), 3.46 (m, 1 H), 2.75 (t, / = 7.5 Hz,
2H),243(t,J =6.9Hz, 2 H), 2.10 (s, 3 H), 2.03 (s, 3 H), 1.99 (s, 3 H), 1.94 (s, 3 H), 1.38 (s, 9
H). *C NMR (125 MHz, CDCL): § 170.95, 170.73, 170.16, 169.97, 169.82, 146.96, 122.11,
97.62, 80.55, 70.60, 70.52, 70.39, 69.64, 69.19, 68.47, 67.59, 66.92, 66.15, 62.48, 50.15, 36.27,
29.00, 28.14, 22.37, 21.00, 20.83, 20.81. MS (ESI): [M+Na'] caled for C38H63N3NaO18 =
872.4, Found 872.4.

[0096] Synthesis of compound 30a and 30b: To a solution of compound 29a (450 mg, 0.548

mmol) in dichloromethane (2 mL) was added trifluoroacetic acid (2 mL). The mixture was
stirred for 15 h. After removing the volatile components under reduced pressure, the residue was
purified by silica gel column chromatography (eluent: 3% to 5% methanol in dichloromethane),
giving the product 30a as colorless viscous oil (326 mg, 79% yield). 'H NMR (400 MHz,
CDCl): 6 8.46 (brs, 1 H), 7.76 (s, 1 H), 5.23-5.20 (m, 2 H), 5.14 (m, 1 H), 4.88 (s, 1 H), 4.76 (d,
J=124,1H),459(,J=124Hz, 1 H), 449 (t, J=5.0Hz,2 H),4.22 (dd, /= 5.0, 12.4 Hz, 1
H), 4.03-3.98 (m, 2 H), 3.81 (t, / = 5.0 Hz, 2 H), 3.66 (t, / = 6.0 Hz, 2 H), 3.60-3.50 (m, 20 H),
2.52 (t, J = 6.4 Hz, 2 H), 2.06 (s, 3 H), 2.03 (s, 3 H), 1.95 (s, 3 H), 1.88 (s, 3 H). °C NMR (100
MHz, CDCl3): 6 174.71, 170.85, 170.12, 169.96, 169.82, 143.13, 124.61, 96.83, 70.53, 70.45,
70.39, 70.31, 69.41, 69.35, 69.08, 68.62, 66.54, 65.99, 62.35, 60.77, 50.42, 34.90, 20.95, 20.84,
20.76, 20.73. MS (ESD): [M+Na*] caled for C3,Hs:N3NaQOs = 788.3, Found 788.4.

[0097] Compound 30b was prepared from 29b following the similar procedure for the
preparation of 30a; colorless viscous oil; 91% yield; 'H NMR (500 MHz, CDCls): 6 8.85 (br s, 1
H), 7.50 (s, 1 H), 5.28-5.12 (m, 3 H), 4.74 (s, 1 H), 4.47 (t, J = 5.2 Hz, 2 H), 4.22 (dd, J = 5.2,
12.6 Hz, 1 H), 4.03 (dd, J = 1.8, 12.6 Hz, 1 H), 3.93 (m, 1 H), 3.81 (t, / = 5.2 Hz, 2 H), 3.71 (m,
3 H), 3.60-3.50 (m, 20 H), 3.44 (m, 1 H), 2.76 (t, J = 7.5 Hz, 2 H), 2.55 (t, / = 6.3 Hz, 2 H), 2.09
(s, 3 H), 2.03 (s, 3 H), 1.98 (s, 3 H), 1.93 (s, 3 H). *C NMR (125 MHz, CDCls): § 174.58,
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170.79, 170.20, 170.02, 169.85, 146.79, 122.44, 97.60, 70.57, 70.55, 70.51, 70.47, 70.43, 70.33,
69.61, 69.51, 69.20, 68.48, 67.56, 66.61, 66.15, 62.50, 50.33, 34.97, 28.93, 22.17, 20.97, 20.80,
20.77. MS (ESD): [M+H"] calcd for C34HssN3O;s = 794.4, Found 794.5.

[0098] Synthesis of compound 3a and 3b: To a solution of compound 30a (229 mg, 0.3 mmol)
in anhydrous methanol (2 mL) was added sodium methoxide (25-30% w/w soln. in MeOH, 200

ul, 3.3 equiv). After the resulting solution was allowed to stir at room temperature for 5 hours,
conc. HCI (83 uL, 3.3 equiv) dissolved in methanol (2 mL) was added while vigorously stirring.
The solution was passed through a thin pad of silica gel, and washed thoroughly with methanol.
After concentration, the product was obtained as colorless viscous oil (179 mg, 99% yield). 'H
NMR (400 MHz, CDsOD): 6 8.13 (s, 1 H), 4.99 (br s, 5 H), 4.88 (d, /= 1.8§ Hz, 1 H), 4.78 (d, J
= 12.4 Hz, 1 H), 4.62 (m, 3 H), 3.91 (t, / = 5.0 Hz, 2 H), 3.85-3.80 (m, 2 H), 3.75-3.54 (m, 26
H), 2.57 (t, J = 6.0 Hz, 2 H). *C NMR (100 MHz, CD;0D): § 174.51, 143.73, 125.05, 99.49,
73.56, 71.11, 70.62, 69.85, 69.75, 69.71, 69.66, 69.62, 69.52, 69.02, 67.17, 66.25, 61.40, 59.42,
50.10, 34.10. MS (ESI): [M+Na"] caled for C24H43N3NaO4 = 620.3, Found 620.5.

[0099] Compound 3b was prepared from 30b following the similar procedure for the preparation
of 3a; colorless viscous oil; 95% yield; 'H NMR (500 MHz, CD;0D): 6 7.85 (s, 1 H), 4.91 (br s,
SH), 475 (s, 1 H),4.56 (t,J=5.2Hz, 2 H),3.89 (t, /] = 5.2 Hz, 2 H), 3.80-3.74 (m, 3 H), 3.73-
3.67 (m, 4 H), 3.63-3.61 (m, 21 H), 3.51-3.43 (m, 2 H), 2.78 (t, J = 7.5 Hz, 2 H), 2.57 (t, J = 5.8
Hz, 2 H), 1.95 (m, 2 H). *C NMR (125 MHz, CD;0D): J 174.60, 147.13, 122.84, 100.25, 73.29,
71.30, 70.81, 69.86, 69.73, 69.67, 69.64, 69.58, 69.52, 69.12, 67.22, 66.31, 61.37, 49.84, 34.20,
29.10, 21.84. MS (ESI): [M+Na"] calcd for CosHyN3NaO14 = 648.3, Found 648.4.

[00100] Procedures for the synthesis of compound 4 (Figure 21)
[00101] Compound 31 was prepared according to methods known in the art [91].
[00102] Synthesis of compound 32: Under N,, compound 31 (747 mg, 2.33 mmol) in

anhydrous THF (5 mL) was slowly added to a dry round bottom flask charged with 60% NaH

(131 mg, 1.4 equiv) at 0 °C. When no gas (H,) was released, the mixture was allowed to stir at

room temperature for 30 min. After re-cooling the mixture to 0 °C, fert-butyl bromoacetate (688

uL, 2 equiv) was added. The reaction mixture was stirred at 0 °C for 1 h and at 25 °C for 24 h.
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The mixture was poured into water (10 mL), extracted with dichloromethane (15 mL x 3) and
dried over MgSO,. Filtration and concentration gave the crude product which was further
purified by silica gel chromatography (n-hexane/ethyl acetate = 1 : 2), giving the pure product 32
as a light yellow oil (400 mg, 40% yield). "H NMR (500 MHz, CDCls): § 4.14 (d, J = 2.3 Hz, 2
H), 3.97 (s, 2 H), 3.70-3.60 (m, 24 H), 2.41 (t, J = 2.3 Hz, 1 H), 1.42 (s, 9 H). >C NMR (125
MHz, CDCls): 6 169.73, 81.58, 79.70, 74.69, 70.75, 70.62, 70.45, 69.14, 69.06, 58.46, 28.17. MS
(ESI): [M+Na"] calced for C,H3sNaQg = 457.2, Found 457.2. Synthesis of compound 33: To a
mixture of 32 (400 mg, 0.92 mmol), 15 (550 mg, 1.1 equiv), Et;N (3 mL), and THF (12 mL) was
added PdCl,(PPhs), (70 mg, 0.1 equiv) and Cul (38 mg, 0.2 equiv). The oxygen was excluded

from the reaction system by bubbling the solution with nitrogen stream for 5 min. After stirred at
room temperature for 4 h, the resulting dark red solution was concentrated, and the residue was
purified by silica gel column chromatography (n-hexane/ethyl acetate: 1/2 to pure EA) to give
the desired product 33 as orange thick oil (410 mg, 52% yield). 'H NMR (500 MHz, CDCls): &
7.33(d,J=8.0Hz,2H),6.97 (d,J=8.6 Hz, 2 H), 5.49 (m, 2 H), 5.38 (d, J = 1.2 Hz, 1 H), 5.30
(t, J =9.8Hz, 1 H), 435 (s, 2 H), 421 (m, 1 H), 4.00 (m, 2 H), 3.96 (s, 2 H), 3.70-3.60 (m, 24
H), 2.15 (s, 3 H), 2.00 (s, 3 H), 1.98 (s, 3 H), 1.97 (s, 3 H), 1.42 (s, 9 H). *C NMR (125 MHz,
CDCls): 6 170.56, 169.99, 169.78, 169.73, 155.53, 133.34, 117.35, 116.43, 95.65, 85.67, 84.58,
81.57, 70.75, 70.68, 70.62, 70.52, 69.33, 69.27, 69.20, 69.06, 68.81, 65.86, 62.08, 59.24, 28.17,
20.94, 20.76. MS (ESD): [M+Na*] caled for C4HgoNaOjo = 879.4, Found 879.2.

[00103] Synthesis of compound 4: To a solution of compound 33 (223 mg, 0.26 mmol) in
anhydrous methanol (5 mL) was added sodium methoxide (25-30% w/w soln. in MeOH, 250 uL,,

5 equiv). After the resulting solution was allowed to stir at room temperature for 5 hours, the
volatile components including methanol, methyl acetate and fert-butanol was removed under
reduced pressure. Then, water (50 uL) and methanol (3 mL) was added. After stirring for another
5 hours, conc. HCI (100 uL) dissolved in methanol (5 mL) was added while vigorously stirring.
The residue obtained after evaporation of the solvent under reduced pressure was purified by
silica gel column chromatography (ethyl acetate/methanol: 1:1 to 1:2) to give the pure product 4
as colorless thick oil (145 mg, 88% yield). 'H NMR (500 MHz, CD;0D): ¢ 7.35 (d, J = 8.6 Hz,
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2H),708 d,J=8.6Hz,2H),549 (d,J =12 Hz, 1 H), 4.89 (s, 5 H), 4.39 (s, 2 H), 3.99 (m,
1.07), 3.95 (s, 2 H), 3.87 (dd, J = 3.4, 9.7 Hz), 3.76-3.62 (m, 27 H), 3.54 (m, 1 H). °*C NMR
(125 MHz, CD;OD): J 175.25, 156.76, 132.89, 116.51, 116.30, 98.68, 85.62, 83.80, 74.25,
71.00, 70.49, 69.80, 69.69, 69.55, 69.48, 69.44, 69.36, 69.30, 69.22, 69.17, 68.63, 66.91, 61.27,
58.46. MS (ESI): [M+Na"] calcd for C290H44NaOis = 655.3, Found 655.4.
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[00105] The present invention is well adapted to attain the ends and advantages mentioned
as well as those that are inherent therein. The particular embodiments disclosed above are
illustrative only, as the present invention may be modified and practiced in different but
equivalent manners apparent to those skilled in the art having the benefit of the teachings herein.
Furthermore, no limitations are intended to the details of construction or design herein shown,
other than as described in the claims below. It is therefore evident that the particular illustrative
embodiments disclosed above may be altered or modified and all such variations are considered
within the scope and spirit of the present invention. Also, the terms in the claims have their
plain, ordinary meaning unless otherwise explicitly and clearly defined by the patentee.

[00106] It is therefore, contemplated that the claims will cover any such modifications or

embodiments that fall within the true scope of the invention.
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WHAT IS CLAIMED IS:

1.

A modified silicone surface for interference to pathogen colonization, comprising:

an activated silicone layer;

a plurality of cross-linking dendrimers adsorbed onto to the activated silicone
layer;

a plurality of ligand derivatives, each bound to at least one of the plurality of
cross-linking dendrimers; and

a benign biofilm adhered to the plurality of ligand derivatives.
The modified silicone surface according to claim 1, wherein the activated silicone layer
comprises an oxidized silicone layer.
The modified silicone surface according to claim 2, wherein the oxidized silicone layer
comprises oxidized carbon species.
The modified silicone surface according to claim 1, wherein the activated silicone layer
comprises poly(dimethylsiloxane).
The modified silicone surface according to claim 1, wherein the cross-linking dendrimers
each comprise an amidation product of the amino-terminus of an amino-terminated cross-
linking dendrimer.
The modified silicone surface according to claim 5, wherein the cross-linking dendrimers
each comprise a dendrimeric moiety selected from the group consisting of poly(amido
amine) polylysine, poly(amino acid), polyallylamine, polyamines, poly(propylene imine),
and combinations thereof.
The modified silicone surface according to claim 6, wherein the cross-linking dendrimers
each comprise a generation 5 poly(amido amine) dendrimer.
The modified silicone surface according to claim 1, wherein the ligand derivatives each
comprise an amidation product of a carboxylic acid terminal group.
The modified silicone surface according to claim 1, wherein the ligand derivatives each

comprise a linker.
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The modified silicone surface according to claim 1, wherein the ligand comprises
mannose.
The modified silicone surface according to claim 10, wherein the ligand derivatives each
comprise an oligo(ethylene) glycol linker and a glycosidic linkage to one of the
oligo(ethylene) glycol linker and a moiety bonded to the oligo(ethylene) glycol linker,
wherein the moiety is selected from the group consisting of phenyl, alkylphenyl,
biphenyl, fluorinated biphenyl, hydroxylated biphenyl, and triazolylalkyl.
The modified silicone surface according to claim 1, wherein the benign biofilm is stable.
The modified silicone surface according to claim 1, wherein the benign biofilm
comprises a plurality of bacteria.
The modified silicone surface according to claim 13, wherein the bacteria comprise
bacteria oriented vertically.
The modified silicone surface according to claim 13, wherein the benign biofilm is dense.
The modified silicone surface according to claim 13, wherein the bacteria comprise E.
coli 83972.
The modified silicone surface according to claim 13, wherein the bacteria comprise E.
coli Nissle 1917.
The modified silicone surface according to claim 1;

wherein the activated silicone layer comprises poly(dimethyl siloxane) and
oxidized carbon species;

wherein the cross-linking dendrimers each comprise an amidation product of
generation 5 amino-terminated poly(amido amine) dendrimer;

wherein the mannose derivatives each comprise the amidation product of a
carboxy terminus, an oligo(ethylene) glycol linker, and a glycosidic linkage to one of the
the oligo(ethylene) glycol linker and a moiety bonded to the oligo(ethylene) glycol linker,
wherein the moiety is selected from the group consisting of phenyl, alkylphenyl,

biphenyl, fluorinated biphenyl, hydroxylated biphenyl, and triazolylalkyl; and
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wherein the benign biofilm comprises a plurality of vertically oriented bacteria
selected from the group consisting of E. coli 83972 and E. coli Nissle 1917.
A method for making a modified silicone surface for interference to pathogen
colonization comprising:

activating a silicone surface;

adsorbing a plurality of cross-linking dendrimers to the silicone surface;

binding a plurality of ligand derivatives to the plurality of cross-linking
dendrimers; and

adhering a benign biofilm to the plurality of ligand derivatives.
The method for making a modified silicone surface according to claim 19, wherein the
activating comprises oxidizing.
The method according to claim 20, wherein the oxidizing comprises treating with a
plasma.
The method according to claim 21, wherein the treating occurs under optimized
conditions.
The method according to claim 22, wherein the optimized conditions comprise low
power.
The method according to claim 23, wherein the power is between about 1 W and about
10 W.
The method according to claim 22, wherein the benign biofilm comprises a plurality of
bacteria and the optimized conditions further comprise a plasma exposure time large
enough to generate dense coverage of the bacteria and small enough to minimize
degradation of the oxidized silicone layer.
The method according to claim 21, wherein the optimized conditions comprise a plasma
exposure time between about 30 seconds and about 60 seconds.
The method according to claim 19, wherein the adsorbing comprises immersing the

activated silicone surface in a solution of the plurality of cross-linking dendrimers.
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The method according to claim 19, wherein the cross-linking dendrimers are amino-
terminated, the ligand derivatives are carboxy-terminated, and the binding comprises
amidation.

The method according to claim 27, wherein the binding comprises providing the ligand
derivatives.

The method according to claim 29, wherein the ligand comprises mannose derivative.
The method according to claim 29, wherein the ligand derivatives each comprise an
oligo(ethylene) glycol linker.

The modified silicone surface according to claim 29, wherein the providing comprises
forming a glycosidic linkage to one of the oligo(ethylene) glycol linker and a moiety
bonded to the oligo(ethylene) glycol linker, wherein the moiety is selected from the group
consisting of phenyl, alkylphenyl, biphenyl, fluorinated biphenyl, hydroxylated biphenyl,
and triazolylalkyl.

The method according to claim 19, wherein the adsorbing precedes the binding.

The method according to claim 19, wherein the binding precedes the adsorbing.

The method according to claim 19, wherein the adhering comprises incubation in a

bacterial culture.
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