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ABSTRACT

Multivalent ligand-receptor interaction provides the fundamental basis for the hypothetical
notion that high binding avidity relates to the strong force of adhesion. Despite its increasing
importance in the design of targeted nanoconjugates, an understanding of the physical forces
underlying the multivalent interaction remains a subject of urgent investigation. In this study, we
designed three vancomycin (Van)-conjugated dendrimers G5(Van), (n = mean valency =0, 1, 4)
for bacterial targeting with generation 5 (G5) poly(amidoamine) dendrimer as a multivalent
scaffold, and evaluated both their binding avidity and physical force of adhesion to a bacterial
model surface by employing surface plasmon resonance (SPR) spectroscopy and atomic force
microscopy (AFM). The SPR experiment for these conjugates was performed in a biosensor chip
surface immobilized with a bacterial cell-wall peptide Lys-D-Ala-D-Ala. Of these, G5(Van),
bound most tightly with Kp of 0.34 nM, which represents an increase in avidity by two or three
orders of magnitude relative to a monovalent conjugate G5(Van); or free vancomycin,
respectively. By single molecule force spectroscopy, we measured the adhesion force between
G5(Van), and the same cell-wall peptide immobilized on the surface. The distribution of
adhesion forces increased in proportion to vancomycin valency with the mean force of 134 pN at
n = 4 greater than 96 pN at n = 1 at a loading rate of 5200 pN/s. In summary, our results are
strongly supportive of the positive correlation between the avidity and adhesion force in the

multivalent interaction of vancomycin nanoconjugates.

Key Words: Vancomycin, Multivalent Avidity, Adhesion Force, Surface Plasmon Resonance

Spectroscopy, Atomic Force Spectroscopy
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Introduction

The multivalent ligand strategy constitutes one of the fundamental concepts underlying the
function of multifunctional nanoparticles (NPs) designed for therapeutic, diagnostic and
biomedical applications.'™ In this design, each multivalent NP is attached with multiple copies of
a ligand in order to bind tightly and selectively to its target cell. This multivalent effect, which
correlates high binding avidity with ligand multivalency, is supported by numerous biochemical

5-11

and biophysical studies of protein-ligand interaction and NP-cell adhesion.” Furthermore, it

offers targeting specificity which has played a key role in the design of many classes of

12-14

multifunctional NPs based on highly branched dendrimer polymers, polymer micelles,"” and

functional inorganic NPs such as gold NPs (AuNPs),'*"® iron oxide NPs (IONPs),' *° and

upconversion nanocrystals (UCNs).?'

In addition, the multivalent binding is hypothesized to confer the strong force of adhesion**>*

by which each NP remains firmly bound to the surface of its target under a shear flow. Ability
for such adhesion is considered to be highly critical in in vivo applications as they occur under a
continuous flow condition.” Despite such significance, physical forces that relate to multivalent
binding avidity remain largely undefined in most multivalent NPs. Currently, only a few studies
reported the forces of multivalent adhesion, such as those associated with uropathogenic E. coli*®

24-26

and tumor biomarkers. Here, we are interested in measuring adhesion forces which relate to

the multivalent binding of a vancomycin-conjugated dendrimer to a bacterial model surface.

This multivalent strategy has been applied in the development of bacteria-targeting NPs.'* >

32 Each bacterial cell presents a number of cell wall components in its outer surface which are

30, 33

targetable by small molecule ligands which include a bis(di-picolylamine)-zinc complex and
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34-37

by cell wall-specific drug molecules such as polymyxin, and vancomycin.***" Of these,

vancomycin offers a unique ability for targeting Gram(+) bacterial pathogens due to its specific

19, 39, 41

affinity (dissociation constant, Kp = 107° M) to a D-Ala-D-Ala precursor in the cell wall

42, 43

(Figure 1). Thus, vancomycin-conjugated NPs were designed for bacterial targeting by the

covalent attachment of multiple vancomycin molecules on the surface of inorganic NPs*'**** or

19, 38, 45

on the scaffold of polymer molecules. Each of these NPs was noted for displaying an

19, 32

ability for high targeting efficiency,'** bacterial capture, and potent antibacterial activity.**

45
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Figure 1. (A) Mechanism for the binding of a bacterial cell-wall peptide precursor, D-Ala-D-
Ala, by vancomycin through a network of five hydrogen bond (HB) interactions. (B) A
schematic illustrating a much tighter binding (Kp> 10~ M) by a multivalent vancomycin
conjugate than vancomycin (Kp ~ 10° M) on the surface. The conjugate, G5(Van), refers to a

fifth generation (G5) PAMAM dendrimer conjugated with a mean valency (n) of vancomycin.
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In our prior study,19 we used a fifth generation (G5) poly(amidoamine) (PAMAM) dendrimer
(diameter 5.4 nm)* as a multivalent scaffold for vancomycin conjugation. As a highly branched,
monodisperse polymer molecule, this dendrimer G5(NH,), has a large number of peripheral
branches (theoretical n = 128),* each amine-terminated and chemically amenable for ligand or
drug conjugation for targeted applications in cancers and inflammatory diseases’’™" as illustrated

13, 14, 17, 49, 51 _. .52 - 112
d,'> 14 17951 iboflavin,™® lactobionic acid,'? and

by G5 dendrimers conjugated with folic aci
RGD.'® > This study designed a series of multivalent vancomycin conjugates G5(Van), (n = 1—
6; Van = Vancomycin),19 and investigated their binding avidity (Kp) to a model surface
presenting Lys-D-Ala-D-Ala by surface plasmon resonance (SPR) spectroscopy. It demonstrated

the dependence of binding avidity on vancomycin valency (n) with a threshold valency (n) of 2

required for low nM binding avidity.

This current study aims to investigate whether multivalent avidity relates to strong adhesion
forces in the binding of G5(Van), (n = 0, 1, 4) to a surface immobilized with a cell-wall peptide
molecule. Two comparative biophysical methods are employed in this study: SPR spectroscopy
and atomic force microscopy (AFM). First, SPR is selected because it allows the investigation of
receptor-ligand interaction under a flow condition.™® Thus, it enables us to quantitatively
determine Kp values for the multivalent interaction between the dendrimer conjugate and the
peptide in the surface.' *>** *! Second, AFM constitutes one of the standard methods which is

28, 55

applicable for measuring the physical forces of biological relevance. Its application has

played a critical role in advancing our understanding of physical forces involved in biomolecular

interactions.?” %8

In a previous AFM study, we measured rupture forces associated with a
multivalent cooperative interaction between a riboflavin-conjugated multivalent dendrimer and a

riboflavin receptor immobilized on the surface.” Here, this current study is focused on adhesion
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forces associated with the interaction by vancomycin-conjugated dendrimers. In summary, this
study presents evidence that relates strong adhesion forces to high avidity binding by cell-wall

targeting multivalent conjugates.
RESULTS AND DISCUSSION

Synthesis and Characterization of Dendrimer Conjugates. As summarized in Scheme 1,
we designed multivalent dendrimers by the amide conjugation of G5 dendrimer G5(NH,), (n =
114 determined by potentiometric titration’”) with vancomycin at its C-terminus with the
variation of multivalency.' In this design strategy, the dendrimer was also co-conjugated with
(¥)-a-lipoic acid for use later as an anchoring moiety to an AFM tip coated with gold (Au) by
which its cyclic disulfide handle allows the dendrimer conjugate to be chemisorbed to the tip

surface through Au-S bond formation.®

First, we prepared 1 G5(LA),, (LA — a-Lipoic amide) by reacting G5(NH;);;4 with an
activated N-hydroxybenzotriazole (HOBt) ester of lipoic acid (LA) added at a ratio of 15 molar
equivalent to the dendrimer. Subsequently after this treatment, unreacted peripheral amines
which remained in G5(LA),, were allowed to react with vancomycin, which was added as its pre-
activated HOBt ester form. The ratio of the pre-activated vancomycin to the dendrimer
([Van]/[GS5]) varied from 0, 2, or 8 in order to vary the vancomycin valency of the resulting
conjugate. Finally, each of the unreacted amines left on the dendrimer reacted exhaustively with
glutaric anhydride for conversion to an N-glutaryl amide, rendering the dendrimer particle fully
covered with glutarate moieties in the peripheral surface. Such surface modification is beneficial
as each glutarate group (pK, 4.5) is negatively charged under physiological condition, and it

helps prevent an undesired attractive electrostatic interaction occurring between the conjugate

ACS Paragon Plus Environment

Page 6 of 40



Page 7 of 40

oNOYTULT D WN =

Langmuir

surface and an individual cell-wall peptide which is terminated with a negatively-charged

carboxylate.

Scheme 1. Synthesis of vancomycin (Van)-conjugated G5 PAMAM dendrimers 24
G5(LA);=11(Van), (top), and Poisson distribution of dendrimer populations for 3 and 4 with
regards to the valency of vancomycin (bottom). Note that only a fraction of the terminal branches
per dendrimer (theoretical 128)*® are shown for clarity.
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Reagents and conditions: (1) (¥)-a-Lipoic acid (15 equiv), EDC, HOBt, DIPEA, room temp; (ii)
vancomycin hydrochloride, DIPEA, HOBt, PyBOP, DMSO, DMF, 30 min, room temp; then
added to dendrimer ([vancomycin]/[G5] = 0, 2, or 8), MeOH, 12 h; (iii) Glutaric anhydride (150
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equiv), DIPEA (200 equiv), 12 h, room temp. Abbreviations: EDC = N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, HOBt = 1-hydroxybenzotriazole,
DIPEA = N,N'-diisopropyl-N-ethylamine, PyBOP = benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate, LA = a-Lipoic amide

Each of the conjugates 2—4 G5(LA),,(Van), was purified by dialysis in a membrane tubing
(molecular weight cut-off or MWCO 10,000 Da). Its homogeneity was determined by UPLC
analysis, which indicated >95% of purity on a polymer basis (Figure S1). In addition, each
conjugate was confirmed for its homogeneity using gel permeation chromatography (GPC) as
shown in Figure S1. Each of these conjugates was fully characterized for their identity by various
analytical methods. These conjugates were fully characterized for their identity, hydrodynamic
diameter (Dy,), and surface charges (ZP) by various analytical methods as summarized in Table 1.
"H NMR spectral data of these conjugates showed characteristic signals specifically assigned to
the protons of LA and vancomycin (Figure S2, S3). UV—vis absorption spectroscopy of 3 and 4
(Figure S1) showed a strong absorption at 282 nm by vancomycin with a value of molar
absorptivity (¢ = 6,652 M ' x cm ') which is in a close agreement with a reported value." The
relative molar mass (M;) of each conjugate was measured by matrix assisted laser desorption
ionization time-of-flight (MALDI-ToF) spectrometry as summarized in Table 1, and it was used

to calculate the mean valency of vancomycin attached.

Table 1. Macromolecular properties of dendrimer conjugates 2—4 G5(LA),,(Van),

Conjugate M, (g x mol ") m® n’ ZP (mV)* Dy, (nm)°
GS5(NH2)114 27,600 ; ; 35.5(29.5) 5.3(+0.2)
2 36,600 11(&1) ; —55.4(+3.4) 14.6(+3.8)
3 36,900 &) 1(30.02) ~57.5(+4.6) 16.7(0.1)

ACS Paragon Plus Environment
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4 41,600 11(£1)  4(x0.01) —56.5(+4.8) 9.5(x1.2)

*Measured by matrix assisted laser desorption ionization (MALDI)-time of flight (ToF) mass
spectrometry

®Mean value determined by "H NMR spectroscopy
“Mean value determined by UV—vis spectrometry
4Zeta potential (ZP) measured in 1.0 mM HEPES, pH 7.0 ([dendrimer] = 1.0 mg/mL)

“Number-weighted hydrodynamic diameter measured by dynamic light scattering (DLS) in
phosphate buffered saline (PBS), pH 7.4 ([dendrimer] = 0.1 mg/mL)

Ligand Valency and Distribution. The valency (m) of the lipoic amide molecule attached to
the conjugate G5(LA),(Van), was determined as m = 11 (£1) on a mean basis by an NMR
integration method.®® Here the area under curve (AUC) of CH, signals for LA (3 1.0-1.4 ppm)
was compared to the AUC of reference CH, signals from glutaryl amide (GA; & 1.7, 2.0-2.2
ppm): m + p = 114, and m/p = AUCo/AUCga where m and p refer to the mean number of LA
and GA residues, respectively. The valency (n) of vancomycin molecules attached to each
conjugate is reported on a mean basis which was calculated by the analysis of UV-vis
absorptivity at 282 nm (vancomycin) as described in our prior work:" n=1 (3);n=4 (4). The
efficiency for vancomycin conjugation ([Van]astached = [Van]adqeq) 18 0.5 for each conjugate; this
might be attributable, in part, to the incomplete activation of vancomycin in situ and/or the
potential impact by pre-attached LA residues through steric hindrance on the approach of a

relatively bulky vancomycin molecule to the dendrimer surface.

An amide coupling reaction used for ligand conjugation occurs in a stochastic manner on the
surface of a nanoparticle,’’ which leads to a distribution of conjugate populations which present
a variable range of ligand valency. We calculated the distribution of dendrimer populations with

regards to vancomycin valency for 2 and 3 G5(LA),, = 11(Van), (n = 1, 4) according to Poissonian

ACS Paragon Plus Environment
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simulation.’ The plot in Scheme 1 (bottom) shows that, despite its average valency of 1,
conjugate 2 is not entirely composed of a monovalent species (n = 1; 37%). Instead, its
distribution includes the non-conjugated dendrimer (n = 0; 33%) and a divalent conjugate species
(n = 2; 20%). However, the other conjugate 3 represents mostly multivalent species (n = 2-9;
93%; median = 4.5). Despite their valency distribution, the three conjugates 2 — 4 remain similar
in the surface charge (ZP = —55.4 to —57.5) as summarized in Table 1. However, they show a
large difference in the hydrodynamic size (Dy,) such that the higher-valent conjugate 4 (9.5 nm) is
smaller than 2 (14.6 nm) or 3 (16.7 nm). This might be attributable to the hydrophobic collapse
of the bulky vancomycin molecule to the peripheral space of the dendrimer through the

14, 16, 50, 53

embedding or encapsulation of its lipophilic residues.

ACS Paragon Plus Environment
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Figure 2. (A-D) Surface plasmon resonance (SPR) sensorgrams for the binding kinetics of 2—4

G5(LA)1(Van), (n = 0, 1, 4) to a bacterial model surface prepared by immobilization of N*-Ac-

Lys-D-Ala-D-Ala on the CM5 sensor chip. Simulated curves are shown as overlaid in each plot.

(E) Rate constants for dissociation (koff) and association (ko) extracted from the SPR data

(above). (F) Values of Kp (= ko'kon) calculated for G5(LA);;(Van), plotted as a function of

mean valency (n). Values for free vancomycin are provided as the reference indicative for its

monovalent association. Mean = SD (N > 3).
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SPR Spectroscopy. We performed SPR spectroscopy to determine the Kp values of
conjugates 2—4 to the D-Ala-D-Ala ligand presented in a model surface for Gram(+) cell walls.
This surface was prepared by the immobilization of N*-Ac-Lys-D-Ala-D-Ala in a CM5 sensor

19, 35
d”

chip following an amide coupling metho which led to the immobilization of the cell wall

peptide at a surface density of 1.6 x 10" mole/mm? (equivalent to 9.9 x 10'® molecules/mm?).

Vancomycin was investigated for its dose-dependent binding kinetics (Figure 2A). Its rate
constants for dissociation (k.¢) and association (ko) were extracted by the Langmuir analysis of
each sensorgram,”® and were used to calculate its equilibrium dissociation constant Kp (=
koti'kon). Its Kp value of 5.7 X 10’ M (Table 2) is in good agreement with prior values

determined by SPR and other biophysical methods (Kp = 10" — 107° M).'*- ¥4

Monovalent Affinity vs. Multivalent Avidity. Each of three conjugates G5(LA);;(Van), 2
(n=0),3 (n=1) and 4 (n = 4) which differ only in vancomycin valency was investigated for its
binding kinetics using the same sensor chip. G5(LA);; 2 showed lack of binding to the peptide
surface as anticipated as a control dendrimer which has no vancomycin conjugated (Figure 2B).
This result suggests the lack of nonspecific binding by the conjugate as well. G5(LA),;(Van), -,
3 was studied for its binding in the range of low nM concentrations ([3] = 2—7 nM), and its SPR
sensorgrams acquired illustrate its concentration-dependent binding (Figure 2C). Compared to
vancomycin, its dissociation rate remains almost identical (k.¢), while its association (ko) occurs
approximately 10-fold faster than vancomycin (Figure 2E). As a result, 3 showed a Kp value of
2.5 x 10 M which represents a 23-fold enhancement in its affinity (Figure 2F, Table 2). Such
faster association (ko) by 3 is attributable to the combination of two kinetic events which could

occur cooperatively: (i) the primary vancomycin-peptide interaction to form a complex on the

ACS Paragon Plus Environment
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surface; (ii) the secondary dendrimer-surface interaction that enables to convert the complex to

form more stable complexes (the surface conversion mechanism).

Table 2. Kinetic rate constants and dissociation constant Kp determined for the binding of 2—4

G5(LA);1(Van), to the D-Ala-D-Ala surface by SPR spectroscopy.

Conjugate | Valency (n) koir (s 1)? kon M ' x s71)? Kp (M)° B°
Vancomycin 1 1.4(+0.1) X 107" | 3.6(x2.4) X 10° | 5.7 X 107’ 1
2 0 - ; - -
3 1 1.2(0.2) X 107" | 5.6(+2.5) X 10°| 2.5 x 10°® 23 (239
4 4 1.1(£0.6) X 107 | 3.3(22.7) X 10° | 3.4 X 107° | 1676 (419%

* The value within parentheses refers to standard deviation.

®Each value represents an average of Kp (= kot /kon) calculated from multiple injection
concentrations (N > 4).

¢ B = multivalent binding enhancement = Kp(Van) + Kp(Conjugate)

4 Corrected for the valency (B + n)

G5(LA);(Van), - 4 4 was also studied for binding at the similar range of concentrations
(Figure 2D). It showed a distinct feature in its dissociation phase which is characterized by a
much slower dissociation than vancomycin or 3. A Kkinetic analysis performed for each
sensorgram suggested two populations of bound dendrimer species. A majority (>60%) of its
bound populations displayed a ko of 1.1 x 107 s™', which is indicative of 100-fold slower
dissociation than vancomycin or 3. A minor fraction (<40%) showed a slightly faster dissociation
with k. of 5.4 x 102 5! (not shown). Such slower dissociation is reported frequently in

multivalent ligand-receptor systems and is considered the hallmark of tight multivalent binding.”

ACS Paragon Plus Environment
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7 Its slower dissociation contributed to higher avidity for 4 (Kp = 0.34 nM) than vancomycin or 3
with a multivalent binding enhancement () factor of 1676 or 74 relative to vancomycin or 3,

respectively (Table 2).

In summary, the multivalent conjugate 4 shows an enhancement in avidity by two to three
orders of magnitude to vancomycin or a monovalent conjugate, which is fully consistent with our
prior work."” While its high B value is not directly indicative of its multivalent cooperativity
factor (a),’ its high avidity could serve as a basis for its tight adhesion force to the ligand-
immobilized surface. In the next section, we employed atomic force microscopy to determine the

physical force involved in its multivalent binding.

AFM spectroscopy. The force between a dendrimer conjugate and the D-Ala-D-Ala surface
was measured using an AFM probe and a flat gold substrate which presented 5 a-LA-Lys-D-
Ala-D-Ala on its surface. For this purpose, each AFM probe was prepared for each conjugate 2—
4 by the surface modification of a gold-coated AFM tip with the conjugate through Au-thiol
chemisorption.”” As the method is well established for the immobilization of a disulfide-

containing small molecule or a biomacromolecule on the gold surface,® 2%

the chemisorption
occurred between the cyclic disulfide terminus of an a-lipoic amide moiety attached to the
conjugate and the tip surface as shown in Scheme 2. The peptide-immobilized gold substrate was

prepared similarly but independently from the gold tip through the Au-thiol chemisorption of 5

a-LA-Lys-D-Ala-D-Ala to the surface of a flat gold substrate.

Scheme 2. Preparation of an AFM probe tip (A) and a substrate presenting a layer of a-LA-Lys-
D-Ala-D-Ala as the cell-wall peptide (B). In each preparation, the attachment of the dendrimer or
the peptide to the surface occurs covalently via Au-thiol chemisorption from a-lipoic amide

(LA).

ACS Paragon Plus Environment
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Reagents and conditions: (1) 2—4 G5(LA);1(Van), + 11-mercapto-1-undecanol (MUD), [G5

conjugate]:[MUD] = 1:20; (i1) EtOH, room temperature. LA = a-Lipoic amide

The force profiles between the dendrimer conjugate and the peptide surface 5 show an

adhesion force curve, an extension followed by a rupture event, and curves with no binding

events (Figure S6). Adequate washing of the peptide surface after overnight immobilization

resulted in a significant decrease of the force curves showing an extension and a rupture event.

We surmised that the latter events are likely due to unbound or loosely bound peptide molecules
on the surface, which were removed by the gentle washing of the surface. Prior work has shown

force profiles between a tethered vancomycin molecule on an AFM probe and a D-Ala-D-Ala

surface to be primarily adhesions type forces.”
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Figure 3. Adhesion force histograms obtained at a pulling velocity of 1030 nm/s (left panel) and
4880 nm/s (right panel) between 2—4 G5(LA),;(Van), (n =0, 1, 4) and the a—LA-Lys-D-Ala-D-

Ala peptide surface 5 in PBS buffer (pH 7.4).

The adhesion force distribution between 2—4 G5(LA),;(Van), (valency n = 0, 1, 4) and the
peptide surface 5 is shown by the histograms in Figure 3 at pulling velocities of 1030 nm/s (left
panel), and 4880 nm/s (right panel). The wider distributions observed for 4 (n = 4) are likely
from multivalent cooperative binding of vancomycin due to the distribution of vancomycin
molecules attached to an identical dendrimer (» = 1-9). The narrower distribution observed for 2

(n = 0) highlights the high density of non-specific interactions between the G5 dendrimer and the
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peptide surface. While non-specific interactions were not observed in the SPR study, they were

more prominent here due to the fact that the AFM force-pulling measurement is a stochastic

oNOYTULT D WN =

binding event with a single dendrimer-surface interaction observed with each touch. At the
10 higher pulling velocity, the mean adhesion force scales with 4 (n =4) >3 (n=1)>2 (n =0). At
the lower pulling velocity, 4 (n = 4) shows a higher density of adhesion forces between 100-300
15 pN compared to 3 (n = 1), with a higher average adhesion force for the former. The AFM force
17 pulling data confirm that the binding avidity of 4 (n = 4) to the D-Ala-D-Ala surface is greater
compared to 3 (n = 1).

23 250

24 T 4 G5(LA)11(Van)4
25 200 - — F==51 4 G5(LA)44(Van), + Free Van

150 -

N
O
Count
I

30 100 A

33 50

35 O T f = T T T
36 0 100 200 300 400 500 600

38 Adhesion Force (pN)

41 Figure 4. A control experiment showing the reduction in the frequency of adhesion force curves
43 when the force-pulling measurements between 4 G5(LA);;(Van), (n = 4) and the D-Ala-D-Ala
peptide surface were performed in the presence of free vancomycin (0.2 mg/mL). Pulling

46 velocity = 1030 nm/s.

49 While the histogram data in Figure 3 show that the adhesion force distributions for 3, 4
51 G5(LA)1(Van), (n = 1, 4) are different from those for 2 G5(LA);(Van), (n = 0), a positive
control was performed by introducing free vancomycin (0.2 mg/mL, 0.14 mM) to confirm the

56 specificity of this interaction. The ~41% reduction in the adhesion events observed in the 100-
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300 pN region between 4 (n = 4) and the D-Ala-D-Ala peptide surface in Figure 4 is attributed to
the binding of free vancomycin to the peptide surface. Thus, the adhesion force distribution
observed in the presence of free vancomycin is likely due to non-specific interactions. Moreover,
the force profile is similar to the force distributions observed between 2 (n = 0) and the D-Ala-D-
Ala peptide surface. This similarity is not surprising since 2 (n = 0) lacks any vancomycin
molecules that could engage in specific interactions with the peptide surface. These non-specific
interactions are also present in high density in the adhesion force distributions between 3, 4 (n =
1, 4) and the D-Ala-D-Ala peptide surface. We attribute this to the interactions between the

surface of the dendrimer conjugate (n = 1, 4) and the peptide surface.

Our previous work on dendrimer conjugated ligands and receptor systems have shown that
the ligand-receptor binding force is dependent on the loading rate.”” The adhesion force was
measured at variable loading rates that ranged from 2500 to 50,000 pN/s. At each loading rate,
force distribution plots were produced, and the adhesion force corresponding to the conjugate/D-
Ala-D-Ala interaction was obtained by modeling the data with Gaussian functions as has been
previously described.”” Adhesion forces less than 100 pN were considered as primarily arising
from non-specific interactions between the G5 dendrimer and the peptide surface, and they were

not considered in the loading rate dependency study of 2, 3,4 (n =0, 1, 4).

The force spectrum of the dendrimer conjugate versus the D-Ala-D-Ala peptide surface is
shown in Figure 5. The non-specific interactions between 2 (n = 0) and the peptide surface show
very little dependency of the adhesion force with increasing loading rate. The adhesion force
distribution for 2 (n = 0) shows a dominant low force peak and higher force peak (both <100 pN)
(Figure S7). Both of these peaks arise from non-specific interactions and are not representative

of the recognition interaction between vancomycin and the peptide surface. While the lower
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forces (< 30 pN) are within the noise of the system, the forces measured between 30-100 pN are
adhesion forces likely from electrostatic or van der Waals interactions, as previously observed

between G5 dendrimer and receptor surfaces.”

300
s 4(n=4)
Z 250 {| & 3(n=1)
o s 2(n=0)
g 200 -
L. | ]
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Figure 5. Dynamic force spectra of 2—4 G5(LA);;(Van), (n = 0, 1, 4) vs D-Ala-D-Ala peptide
surface. The error presented is the standard error of the corresponding Gaussian peak fitted to the
adhesion force and loading rate distributions. The dynamic force spectrum was modeled by the
one-barrier Bell-Evans model (red and blue circles). A linear fit was added to the 2 (n = 0) data

set to guide the eye.

The adhesion interactions between 3 (n = 1) and the D-Ala-D-Ala peptide surface in the force
spectrum (Figure 5) show a loading rate dependency, with mean adhesion forces ranging from 96
pN to 136 pN. This corresponds well with a previous study that examined the adhesion force
between a single vancomycin tethered to an AFM tip and a D-Ala-D-Ala peptide surface.” In
that study, the mean adhesion force was estimated to be ~98 pN, while the mean adhesion force
ranged from 98 to 125 pN for comparable loading rates as shown in Figure 5. Therefore, it is
very likely that the results shown in Figure 5 for 3 (n = 1) are primarily from a single

vancomycin molecule attached to the dendrimer interacting with the peptide surface. The force
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spectrum data were fitted using the phenomenological Bell-Evans expression,’”

o [ k,T vk X s , . .
F = In , where F* is the most probable adhesion force, kg7 is the thermal
Xp )

energy, ¥ is the barrier width, ko is the kinetic off-rate constant, and 7 is the force loading rate.
The linear regime of a plot of F* versus In(r) is interpreted as a single activation energy barrier
that can be characterized by the parameters yg and kor. For 3 (n = 1) vs D-Ala-D-Ala peptide
surface, the barrier width (yp) was found to be 0.35 + 0.12 nm and the kinetic off-rate (ko) was
found to be 0.055 + 0.018 s™'. In comparison, previously reported data from single molecule
force spectroscopy for the vancomycin vs D-Ala-D-Ala peptide surface found a barrier width of
~0.36 nm and a k¢ value of ~0.002 s 1.5 The kinetic off-rate constant for 3 (n=1) is a factor of
27 higher compared to the vancomycin tethered to an AFM tip. However, a comparison of the
kogr value between the SPR measurements (Table 2) and the AFM measurements show good
agreement, where its SPR k. value is only a factor of 2 greater than the ks value obtained from

AFM for the 3 (n = 1) vs D-Ala-D-Ala peptide surface.

The mean adhesion force measured for 4 (n = 4) is clearly greater than the mean adhesion
force measured for 3 (n = 1) at all loading rates (Figure 5). For the dendrimer conjugate 4, at
very low loading rates, it appears that the binding interaction may be facilitated by a single
vancomycin molecule, while at higher loading rates the binding appears to be cooperative with at
least 2 vancomycin molecules on the G5 dendrimer interacting with the peptide surface.
Although we modeled 4 (n = 4) for its loading rate dependency data with the Bell-Evans
model,67’ %8 the barrier width of 0.14 nm and a korr value of ~1.8 s 'is not a good representation
of the kinetics due to different binding avidities present as a function of the loading rate.

However, the higher adhesion forces measured for the 4 (n = 4)/peptide system do correspond
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well with the measurements from SPR, where the binding avidity is orders of magnitude stronger
compared to the 3 (n = 1)/peptide system. Despite the use of stochastically generated G5
dendrimers with mean vancomycin valency, we have demonstrated that adhesion forces scale
according to 4 (n = 4) >3 (n=1) > 2 (n = 0), and the kinetic parameters obtained for the

monovalent 3 (n = 1)/peptide system corresponds well with its SPR results.
CONCLUSIONS

Here, we designed vancomycin-conjugated dendrimers as a class of bacterial cell wall-
specific nanoconjugates and investigated their biophysical characteristics of multivalent binding
by SPR and AFM spectroscopy. First, the vancomycin-conjugated PAMAM dendrimer was co-
modified with LA such that its disulfide terminus provided a mechanism for the conjugate
attachment to the surface of a gold-coated AFM tip through thiol-Au chemisorption. Use of this
design strategy enabled to study an identical conjugate for its avidity and adhesion force by both

AFM and SPR methods.

Second, the present SPR analysis of 4 G5(LA);;(Van), (n = 4) is indicative of its very tight
binding (Kp = 0.34 nM) to a model surface immobilized with D-Ala-D-Ala. It indicates an
enhancement of binding avidity by three orders of magnitude over free vancomycin, which is in
good agreement with the Kp value of 0.25 nM' by a representative multivalent conjugate

G5(Van)s g which is similarly designed but lacks the LA moiety in the peripheral surface.

Third, the AFM study enabled us to gauge the physical forces of multivalent binding for this
class of conjugates. Results from 4 indicate that this multivalent conjugate adheres to a D-Ala-D-
Ala surface with forces greater than a monovalent conjugate 3 G5(LA);;(Van), (n = 1). Blocking

experiments using free vancomycin were used to demonstrate that adhesion forces of <100 pN
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were largely due to non-specific interactions between the dendrimer conjugate and the peptide
surface. A loading rate dependence study was performed to estimate the kinetic parameters for
2—4 G5(LA);1(Van),/peptide system. While 3, 4 (n = 1, 4) showed a loading rate dependency, 2
(n = 0) showed little to no loading rate dependency. Kinetic parameters measured for 3 (n =
1)/peptide interactions correspond well with its k. value obtained from SPR measurements, as

well as with a prior study between vancomycin and a D-Ala-D-Ala peptide surface.®

Finally, in addition to its significant implication in the quantitative analysis of multivalent
interaction, this study suggests practical applicability of bacteria-targeted NPs. For example, the
multivalent conjugate validated here can be used as the AFM probe for drawing the

topographical maps®” 7

of the bacterial surface based on the dendrimer-cell wall peptide
interaction, and for the real-time imaging of the cell-wall biosynthesis and maturation in live

cells. Future efforts will be focused on advancing our technical capability for such applications.
EXPERIMENTAL SECTION
Materials

All reagents and solvents were purchased from commercial suppliers and used as received. These
include (+)-o-lipoic acid (>98%), vancomycin hydrochloride (>80% by HPLC), and N”-Ac-Lys-
D-Ala-D-Ala  (295%), N-hydroxybenzotriazole (HOBt), N.,N'-diisopropyl-N-ethylamine
(DIPEA), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), all from
Sigma-Aldrich, and benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
(PyBOP) from Bachem. Ethanol (absolute, 200 proof) was purchased from AAPER Alcohol and
Chemical Company. Potassium dichromate (K,Cr,O;), purchased from Baker Chemical

Company, was used in the preparation of chromic acid solutions. Nanopure (NP) water (18.2 MQ
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cm resistivity) was obtained from a Barnstead water purifier (Fischer Scientific). A fifth
generation (G5) PAMAM dendrimer G5(NH,), (theoretical n = 128)* was purchased as a
solution in methanol (17.5%) from Dendritech, Inc. Prior to derivatization, its trailing
generations contained as impurities were removed by dialysis against deionized water in a
membrane tubing (MWCO 10 kDa). The number (n) of primary amines per dendrimer was

determined as 114 (experimental) by potentiometric titration as reported.”’
Synthesis of 2—4 G5(LA),,(Van), Conjugates (Scheme 1)

Pre-activation of lipoic acid. To a mixture of (+)-a-lipoic acid (14 mg, 67.4 umol) and
HOBt (10 mg, 67.4 pumol) dissolved in anhydrous DMF (2 mL) was added DIPEA (23.5 uL, 135
pumol) and EDC (26 mg, 135 pumol). The final mixture was stirred at room temperature for 12 h,

and it was used in the next step without further treatment.

Pre-activation of vancomycin. A solution of vancomycin hydrochloride (22.2 mg, 15 umol)
and HOBt (2.4 mg, 15.7 umol) in DMSO (1.5 mL) was prepared and diluted with DMF (0.5
mL). To this solution was added DIPEA (5.5 pL, 31.4 umol) and PyBOP (8.2 mg, 15.7 umol).

The reaction mixture was stirred for 30 min at room temperature, and it was used in the step for

dendrimer conjugation.

1 G5(LA),,. To a solution of G5(NH,), = ;;4 (120 mg, 4.5 umol) dissolved in methanol (20
mL) was added the solution of pre-activated lipoic acid (LA) (67.4 umol) prepared above. The

mixture was stirred at room temperature for 2 h, and it was divided equally into three portions,

each ~7.3 ml (equivalent to 40 mg dendrimer).
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2—4 G5(LA),(Van),: To each solution of G5(LA),, (7.3 mL) was added a varying amount of
the activated vancomycin solution prepared above: aliquot = 0 (none) for 2; 0.4 mL for 3; 1.6 mL
for 4. After stirring for 12 h, DIPEA (52.2 uL, 299 umol) and glutaric anhydride (25.6 mg, 225
umol) were added to each reaction mixture. Each reaction mixture was stirred at room
temperature for additional 12 h, and the solution was concentrated in vacuo. The residue was
dissolved in water (2 mL), loaded in a dialysis membrane tube with the molecular weight cut-off
(MWCO) of 10,000 Da, and dialyzed exhaustively against water (2 < 1.0 L), PBS buffer, pH 7.4
(1 L) and water (2 x 1.0 L). The solution in the tube was collected and further purified by
centrifugal filtration (MWCO 10,000 Da) using PBS buffer (3 x 2 mL) and then water (3 x 2
mL), each as an eluent. The solution in the top container of the tube was collected and freeze-
dried to afford 47 mg (2), 55 mg (3), and 61 mg (4). Polymer purity >95% (2, 3, 4). UPLC: ¢, =
7.1 min (2), 7.0 min (3), 7.0 min (4). GPC: # = 23.4 min (2), 23.0 min (3), 24.1 min (4).
MALDI-ToF (m/z, gmol™"): 36,600 (2), 36,900 (3), 41,600 (4). UV—vis (PBS, pH 7.4): Amax =
282 nm for 3 or 4 (¢ = 6,652 M 'em ). "H NMR (500 MHz) for 2 (D-0): & 3.67 (s), 3.35 (br, s,
strong), 3.34 (s, strong), 3.30 (s, strong), 3.24-3.16 (m, weak), 2.94 (br, s, strong), 2.88 (s,
strong), 2.77 (br, s, strong), 2.61 (m, weak), 2.48 (br, s, strong), 2.41-2.38 (t, J; =5 Hz, weak),
2.24-2.21 (t, J; =5 Hz, strong), 2.18-2.15 (t, J; =5 Hz, strong), 1.87-1.86 (m, weak), 1.83-1.77
(m, strong), 1.59—1.58 (m, weak), 1.38 (m, weak), 1.20—1.17 (m, weak) ppm. 3 (D,0): 5 3.67 (s),
3.49 (br, s), 3.34 (s, strong), 3.29 (s, strong), 3.14 (br, s), 2.92 (br, strong), 2.88 (s, strong), 2.72
(br, strong), 2.46 (br, s, strong), 2.24-2.21 (t, J; =5 Hz, strong), 2.18-2.15 (t, J; =5 Hz, strong),
2.03-1.96 (m, weak), 1.87-1.86 (m, weak), 1.83—1.79 (m, strong), 1.58 (br, s, weak), 1.38 (br, s,
weak), 1.20-1.14 (m, weak) ppm. 4 (D,O): 6 7.61 (br, weak), 7.38 (br, weak), 7.10 (br, weak),

6.51 (br, weak), 6.20 (br, weak), 5.66 (br, weak), 5.40 (br, weak), 3.73, (br, weak), 3.67 (s), 3.49
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(br, s), 3.34 (s, strong), 3.29 (s, strong), 3.14 (br, s), 3.00 (s, weak), 2.90 (br, strong), 2.88 (s,
strong), 2.71 (br, strong), 2.46 (br, s, strong), 2.22-2.21 (m, strong), 2.17-2.15 (m, strong), 2.02—
1.96 (m, weak), 1.87-1.86 (m, weak), 1.81-1.78 (m, strong), 1.58 (br, s, weak), 1.37 (br, s,
weak), 1.27-1.18 (m, weak), 0.89 (br, s, weak) ppm. Abbreviation: s = singlet, t = triplet, m =

multiplet, br = broad

The valency (m) of the lipoic amide molecule attached to the conjugate G5(LA),(Van), was
determined on a mean basis by an NMR integration method in which the CH, signals of LA (&
1.0-1.4 ppm) were compared to the reference CH, signals of glutarate at 6 1.7 and 2.0-2.2 ppm
(108 CH,; residues per dendrimer), yielding m = 11 (+1). The valency (n) of vancomycin
molecules attached to each conjugate was determined on a mean basis by the analysis of UV—vis

absorption at Ayax 282 nm (vancomycin): n =1 (3); n =4 (4).

Synthesis of 5 a-LA-Lys-D-Ala-D-Ala

Preparation of a-lipoic acid p-nitrophenyl (NP) ester: To a cold solution of a-lipoic acid
(200 mg, 0.969 mmol) and p-nitrophenol (148 mg, 1.07 mmol) dissolved in dichloromethane (5
mL) in an ice bath was added dicyclohexylcarbodiimide (220 mg, 1.07 mmol). This mixture was
stirred in the ice bath for 30 min and then at ambient temperature for 6 h. It was diluted by
adding 10 mL of dichloromethane and white precipitates were removed by filtration. The filtered
solution was washed with a cold sodium bicarbonate solution, dried with sodium sulfate, and
concentrated in vacuo. The crude product was purified by silica column chromatography by
eluting with a mixture of ethyl acetate and hexane (1:3). The product was obtained as pale
yellow solid (87 mg, 27%). R¢ (1:3 EtOAc/hexane) = 0.5. '"H NMR (500 MHz, CDCl3): § 8.28—

8.26 (d, J = 10 Hz, 2H, CcH4sNO,), 7.29-7.27 (d, J = 10 Hz, 2H, C¢H4NO), 3.62-3.55 (m, 1H,

ACS Paragon Plus Environment

25



oNOYTULT D WN =

Langmuir

CH), 3.22-3.08 (m, 2H), 2.64-2.62 (t, J = 5 Hz, 2H), 2.50-2.46 (m, 2H), 1.94-1.86 (m, 2H),

1.84-1.72 (m, 2H), 1.69-1.52 (m, 2H) ppm.

To a solution of N*-acetyl-lysine-D-alanine-D-alanine (5.0 mg, 15.1 umol) dissolved in DMF
(0.5 mL) was added triethylamine (42 pL, 30.3 umol), and then the lipoic acid p-nitrophenol
ester (5.9 mg, 18.2 umol). The final mixture was stirred at room temperature for 24 h. It was
concentrated in vacuo, and its residue was purified by silica column chromatography by eluting
with a mixture of dichloromethane in methanol. The product was obtained as white solid (5.6
mg, 72%). Ry (50% CH;O0H/CH,Cly) = 0.45. HRMS (ESI): [M + H]" caled for CaH3oN404S,,
519.2306, found, 519.2305. "H NMR (500 MHz, CD;0OD): & 4.40-4.36 (q, J = 5 Hz, 1H), 4.28
(m, 2H), 3.61-3.55 (m, 1H), 3.20-3.16 (m, 3H), 3.13-3.08 (m, 1H), 2.50-2.44 (m, 1H), 2.21-
2.18 (t, J =5 Hz, 2H), 2.00 (s, 3H), 1.93—1.86 (m, 1H, CH), 1.82-1.56 (m, 6H), 1.55-1.49 (m,
2H), 1.48-1.43 (m, 2H), 1.42-1.36 (m, 8H) ppm. *C NMR (100 MHz, CD;OD): & 175.99,
174.20, 57.56, 55.09, 50.31, 41.31, 40.03, 39.34, 36.92, 35.74, 32.44, 30.08, 29.89, 26.78, 24.23,

22.47,18.33, 17.96 ppm.
Methods

Surface Plasmon Resonance (SPR) Spectroscopy. SPR experiments for vancomycin-
conjugated PAMAM dendrimers were performed in a Biacore® X model (Pharmacia Biosensor,
AB) using a CMS5 sensor chip as reported.'” 7 The flow cell 1 (FC;) of the sensor chip was
treated for the immobilization of a N°-Ac-Lys-D-Ala-D-Ala peptide, while its flow cell 2 (FC,)
was treated without the peptide to be used as a reference cell. The peptide immobilization was

performed following an amide coupling method using EDC/NHS (1:1 mixture of 0.4 M EDC
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and 0.1 M NHS, each in water; 70 pL) in which the peptide was covalently attached at its N-

terminus to the layer of carboxymethylated dextran on the surface.

For a typical SPR binding experiment, vancomycin or its conjugate was dissolved and serially
diluted in HBS—EP buffer, and its aliquot of 50 uL was injected at a flow rate of 20 uL/min. The
data were collected until the dissociation trace returned to a flat baseline or the end of each
dissociation phase (t >600 s). The surface regeneration of the sensor chip was performed by

treatment with 10 pL of 10 mM glycine—HCI, pH 2.5.

SPR data processing and analysis. The value of response unit (RU;) recorded from FC; was
subtracted with the value of the reference response unit (RU;) from FC, to correct the
contribution from a bulk effect and non-specific adhesion: ARU (corrected) = RU; — RU,. Two
rate constants—association (on) rate constant (k.,,) and dissociation (off) rate constant (kog)—
were extracted by fitting each corrected sensorgram to the Langmuir model and using a global

curve fitting model.™
RU, = RU,q x e~ offY (dissociation phase)
RU; = RU % (1— e~[onXC + ko (t=t)]) (association phase)
kon = (ks — kotr)/ C (Where C refers to the concentration of analyte)

A value for equilibrium dissociation constant Kp (= kos'kon) Was calculated from each pair of its
rate constants, and a mean value was calculated from multiple independent measurements (N >

4).
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Surface Preparation for AFM Force Pulling. a-LA-Lys-D-Ala-D-Ala 5§ (MW 518.22
g/mol, 0.34 mg) was dissolved in 1 mL of ethanol, which was filtered (0.22 pum pore size) prior

to use. The solution was aliquoted into 100 puL and 10 pL portions and frozen. Ultraflat template-

25 26 were incubated in THF for

stripped gold surfaces, prepared as described elsewhere,
approximately 4 minutes. The mica layer was stripped, revealing an ultra-flat gold surface. The
gold surface was washed three times with NP water and ethanol. The surface was then
immediately placed in a 1 uM solution of § in ethanol and allowed to incubate overnight. Prior to

AFM measurements, the peptide surface was rinsed three times with NP water, upon removal,

and affixed to a stainless steel puck.

Tip Preparation for AFM Force Pulling. Standard silicon nitride OBL gold-coated
cantilevers, (Bruker, Camarillo, CA, nominal length 60 um) were cleaned with a hot solution of
chromic acid (17 mg/mL, 3 minute incubation) and rinsed thoroughly with NP water. The AFM
cantilever was incubated overnight in a 1-mL ethanol solution containing 2—4 G5(LA);;(Van), (n
=0, 1, 4) to 11-mercapto-1-undecanol (1:20). As a note, solutions of the conjugates 2 and 3 were
prepared using ethanol; the conjugate 4 was dissolved in PBS buffer because of its poor
solubility in ethanol. After incubation, the tip was rinsed thoroughly with NP water and placed in

a fluid cell for force spectroscopy measurements.

Atomic Force Spectroscopy Instrumentation. Force spectroscopy measurements were
performed with a PicoForce MultiMode 8 AFM (Bruker, Santa Barbara, CA) equipped with a 40
pm scanner (20 um z direction). Spring constants of the tips were determined using the thermal

fluctuation method. Spring constants ranged from 19.0 to 22.3 pN/nm.
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Force Spectroscopy Measurements. Force spectroscopy experiments were performed at
room temperature (23 C)ina glass fluid cell in PBS. A ramp size of 250 nm, a trigger threshold
of 100 pN, and a surface delay of 500 ms were used for all force pulling experiments. Tip
velocity was varied from 407 nm/s to 4880 nm/s for the conjugate 3. For conjugates 2 and 4,
forward tip velocity was kept constant at 1030 nm/s, and reverse tip velocity was varied from
201 nm/s to 4880 nm/s. Force measurements were taken at 25 locations within a 1 um? area for
each tip velocity. Fifty AFM force curves were captured at each location for a total of 1250 force
curves for a given tip velocity. Blocking studies were carried out at a single tip velocity to
examine the binding specificity between the dendrimer-conjugated vancomycin and the D-Ala-
D-Ala surface; after a normal pulling experiment with the conjugate 4, 0.2 mg/mL of free
vancomycin was injected into the fluid cell and allowed to equilibrate for 30 minutes. Next, a

force pulling experiment was conducted using a tip velocity of 1.03 um/s.

Force Spectroscopy Analysis. Data analysis was performed with a Scanning Probe Image
Processor (SPIP) software (version 6.6.2 Image Metrology A/S, Lyngby, Denmark). For both the
loading rate dependence and the blocking study, force curves were filtered using the SPIP force
curve analysis and batch processing modules. Baseline and hysteresis correction were performed
on all force curves, and drag correction was only performed as required. A worm-like chain
model was fitted to force curves displaying an adhesion or rupture event to determine the
unbinding force and the apparent loading rate. The apparent loading rate was found through
multiplication of the retraction pulling velocity and the slope of the force curve at the rupture

point.
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Distributions in the form of histograms for adhesion forces and apparent loading rates were
generated for every tip velocity using SigmaPlot software (version 13.0 Systat Software, San
Jose, CA). Gaussian curves were fitted to each loading rate distribution using PeakFit software
(version 4.11 Systat Software, San Jose, CA); the peak value was recorded as the most probable
loading rate for that unbinding event. The error of the most probable value was the standard

deviation of the corresponding Gaussian peak at the 95% confidence interval.
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