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Abstract

The surface properties of nanoparticles (NPs) are a major factor that influences how these
nanomaterials interact with biological systems. Interactions between NPs and macrophages of the
reticuloendothelial system (RES) can reduce the efficacy of NP diagnostics and therapeutics.
Traditionally, to limit NP clearance by the RES system, the NP surface is neutralized with
molecules like poly(ethylene glycol) (PEG) which are known to resist protein adsorption and RES
clearance. Unfortunately, PEG modification is not without drawbacks including difficulties with
the synthesis and associations with immune reactions. To overcome some of these obstacles, we
neutralized the NP surface by acetylation and compared this modification to PEGylation for RES
clearance and tumor-specific targeting. We found that acetylation was comparable to PEGylation
in reducing RES clearance. Additionally, we found that dendrimer acetylation did not impact folic
acid (FA)-mediated targeting of tumor cells whereas PEG surface modification reduced the
targeting ability of the NP. These results clarify the impact of different NP surface modifications
on RES clearance and cell-specific targeting and provide insights into the design of more effective
NPs.

1. Introduction

Because of their tunable physiochemical properties and enhanced carrying capacity, NPs
have been used for a variety of biomedical applications.1=3 Despite these advantages, many
NPs have suffered setbacks because of their complex syntheses and our limited
understanding of how NPs interact with biological systems. 4> Several variables can
influence NP uptake including the size, shape, and surface charge.® It is known that
positively charged NPs interact with the negatively charged phospholipid components of the
cell membrane, increasing nonspecific interactions with biological cells and circulating
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proteins.5 Additionally, positively charged NP can also drive several undesirable biological
responses including activation of the complement system, and increased cytotoxicity.8-10
Recently it has been shown that electrostatic charge interactions between NP and cell
membranes are convoluted with the protein corona effect, where the NP is enshrouded by
protein macromolecules that results in non-specific interactions with cellular
membranes.11-13 This has been shown to increase NP clearance by macrophages of the
RES, and decrease their downstream therapeutics.24-17 The RES, an arm of the immune
system consisting of phagocytic cells, can prevent the site-specific accumulation of NPs that
is important for NP diagnostics and therapeutics. 18-21 Because of these undesirable effects,
NP surfaces are typically neutralized. The impact of NP surface chemistry on NP-cell
interactions has been broadly recognized.6:22.23 Nevertheless, our understanding of how the
physicochemical characteristics of NPs influence both clearance by the RES system and
cell-specific targeting remains rather limited. A more complete understanding of NP
characteristics and how they impact NP biological properties is necessary to more rationally
design the next generation of NP diagnostics and therapeutics.

Dendrimers are branched NPs with a controllable chemical topology that have been used for
molecular imaging and drug delivery.24-26 Because of their low polydispersity and tunable
chemical properties, dendrimers are well suited for mechanistic studies into NP interactions
with biological systems.2” In particular, poly(amido amine) (PAMAM) dendrimers have
terminal amines that can be used to conjugate therapeutics, imaging agents, and other
molecular payloads.28-31 However, these terminal amines impart a positive charge to the
dendrimer surface that can lead to the undesirable effects mentioned above. Because of these
effects, like other NP, the dendrimer surface must be neutralized before being introduced
into biological systems.

Surface attachment of hydrophilic oligomers such as poly(ethylene glycol) (PEG) to the
dendrimer is one approach to neutralize its cationic surface. PEG conjugates are known to
increase the circulating half-life of macromolecules by decreasing renal filtration, preventing
opsonization, and reducing clearance by macrophages of the RES.32-36 Although it is clear
that PEGylation of NP can increase the circulating half-life and reduces RES clearance,
PEGylation is not without drawbacks. PEG conjugates can generate an antibody response
that can neutralize their efficacy upon chronic administration.37-3% Furthermore, some
studies have suggested that PEGylation can decrease NP uptake by target cells; this effect
was attributed to increased steric hindrance due to the presence of PEG which prevents
target moieties from binding to cell surface receptors.#941 To overcome some of these
drawbacks, we explored acetylation to neutralize the surface of the NP as an alternative to
PEGylation. Acetylation provides better control of the size and polydispersity of the NP
compared with PEGylation given that any PEGylating agent is a polymer and inherently
polydisperse.#2-44 Furthermore, because of the smaller size, we hypothesized that
acetylation of the NP’s surface would reduce macrophage clearance and would be less likely
to interfere with cell-specific targeting of the NP.

Herein, we describe the synthesis of a suite of dendrimer NPs with different surface
modifications to systematically evaluate acetylation with PEGylation and understand how
these surface modifications affect NP clearance by the RES and tumor-specific targeting.
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Building on our prior studies, we found that both acetylation and PEGylation of non-
targeted PAMAM dendrimers reduce clearance by the RES.#> Additionally, we demonstrate
that acetylation of the targeted PAMAM dendrimers does not affect cell-specific targeting in
a tumor cell model.

2. Materials and methods

2.1. Materials

All chemicals and materials were purchased from Sigma- Aldrich or Fisher Scientific and
used as received unless otherwise specified. Both mPEG3-NHS and mPEG7-NHS were
purchased from ChemPep (Wellington, FL). Phosphate buffer saline (PBS) without calcium
and magnesium ions was purchased from Thermo Scientific (Logan, UT). The generation 5
poly(amidoamine) (G5 PAMAM) dendrimer was purchased from Dendritech and purified by
dialysis (10K MWCO dialysis membrane) against PBS and H,0. The 10K molecular weight
cutoff (MWCO) centrifugal filters (Amicon Ultra-4) were purchased from Millipore
(Billerica, MA). The 10K MWCO dialysis membrane was purchased from Spectrum
Laboratories (Rancho Dominquez, CA).

KB and RAW?264.7 cells were obtained from ATCC. RPMI media with L-Glutamine, RPMI
without Folic acid (FA) and Penicillin/ Streptomycin (P/S) were obtained from Gibco. Fetal
bovine serum (FBS) was obtained from Gemini Bio Products. Ultrapure 1 M Tris HCI pH
8.0, Alexa Flour 647 azide (AF647) and Prolong Golf with DAPI and 4 well Lab-Tek Il
chamber slide system were obtained from ThermoFisher Scientific, CuSQy, and (+) Sodium
L-ascorbate was obtained from Sigma-Aldrich. XTT cell viability kit was obtained from
Cell Signaling Technology. Cells staining buffer (FACS buffer), Paraformaldehyde (PFA)
and cell permeabilizing buffer (Saponin) was procured from BioLegend, Ted Pella INC and
Sigma-Aldrich respectively.

2.2. Instruments

1H NMR spectra were obtained using a Varian Inova 500 MHz. Electrospray ionization mass
spectra (ESI-MS) were recorded using a Micromass Quattro Il Electronic HPLC/MS/MS
mass spectrometer. Analytical ultra-performance liquid chromatography (UPLC) was
performed on a Waters Acquity Peptide Mapping System equipped with a photodiode array
detector and an Acquity BEH C4 column (100 x 2.1 mm, 1.7 um) at a flow rate of 0.21 mL/
min. For analysis of the conjugates, a C5 silica-based RP-HPLC column (250 x 4.6 mm, 300
A) connected to a C5 guard column (4 x 3 mm) was used. The mobile phase for elution of
the conjugates was a linear gradient beginning with 100:0 (v/v) water/acetonitrile and ending
with 20:80 (v/v) water/acetonitrile over 30 min at a flow rate of 1 mL/min. Trifluoroacetic
acid (TFA) at 0.14 wt% concentration in water as well as in acetonitrile was used as a
counter ion to make the dendrimer surfaces hydrophobic. FA-aN3 (5) was synthesized as
previously reported.46

2.3. Characterization of dendrimer conjugates

All the conjugates were analyzed by MALDI, UPLC and NMR, the methods of which have
been previously described.47-49
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2.4. Synthesis of G5-Alkyne-NH> (1)

Conjugates were prepared using G5 via EDC-NHS coupling. In brief, amine-terminated
monomer G5 (400.0 mg, 0.0152 mmol) was dissolved in deionized water (4 mL). 4-(2-
Propyn-1-yloxy)- Benzenepropanoic acid (62.0 mg, 0.304 mmol) was activated by
dissolving in 4 mL acetonitrile with A-(3-Dimethylaminopropyl)- N’-ethylcarbodiimide
hydrochloride (EDC) (116.5 mg, 0.608 mmol) and A-hydroxysuccinimide (NHS) (70.0 mg,
0.608 mmol) and stirred for 3 h. The activated alkyne linker solution was added drop wise to
the dendrimer solution and allowed to stir overnight. The product was purified using Amicon
Ultra Centrifugal units, 10 kDa MWCO membranes, 5 PBS washes, and 5 DI washes. A
total of 432.6 mg of white solid was isolated via lyophilization.

2.5. Synthesis of G5-Alkyne-NHAc (2)

1(120.0 mg, 4.29 pmol) was fully acetylated (100% of remaining primary amines converted
to acetyl groups) by re-dissolving in anhydrous methanol (20.0 mL), adding 150 equiv. of
triethylamine (TEA) and 150 equiv. of acetic anhydride (Ac,0), and stirring for 4 h. The
product was purified using Amicon Ultra Centrifugal units, 10 kDa MWCO membranes, 5
PBS washes, and 5 DI washes. A total of 100.2 mg of 2 as a white solid was isolated via
lyophilization.

2.6. Synthesis of G5-Alkyne-PEG3 (3)

1(20.0 mg, 0.714 umol) and DIPEA (13.8 mg, 0.107 mmol) were dissolved in anhydrous
DMSO (1.0 mL). A mPEG3-NHS (120.0 mg, 0.360 mmol) DMSO (1.0 mL) solution was
added drop wise. The reaction mixture was stirred at room temperature for an additional 24
h. The product was purified using Amicon Ultra Centrifugal units, 10 kDa MWCO
membranes, 5 PBS washes, and 5 DI washes. A total of 22.5 mg of 3 as a white solid was
isolated via lyophilization.

2.7. Synthesis of G5-Alkyne-PEG7 (4)

1(20.0 mg, 0.714 pmol) and DIPEA (13.8 mg, 0.107 mmol) were dissolved in anhydrous
DMSO (1.0 mL). An mPEG7-NHS (182.0 mg, 0.360 mmol) DMSO (1.0 mL) solution was
added drop wise. The reaction mixture was stirred at room temperature for an additional 24
h. The product was purified using Amicon Ultra Centrifugal units, 10 kDa MWCO
membranes, 5 PBS washes, and 5 DI washes. A total of 25.1 mg of 4 as a white solid was
isolated via lyophilization.

2.8. Synthesis of G5-Alkyne-FA-NH> (5)

1(60.0 mg, 2.14 pmol) was dissolved in Cu(ll) sulfate (10 mol% per compound 9, 1 mg/mL
H,0) and sodium ascorbate (60 mol% per compound 9 1 mg/mL H,O solution) solution.
Compound 9 (7.5 mol ratio to G5-Alkyne-NH, 1, 10 mg/mL DMSO solution) was added.
The reaction mixture was stirred at room temperature under N, overnight. Samples were
purified using 10 kDa MWCO centrifugal filtration devices. Purification consisted of ten
cycles (20 min at 4800 rpm) using PBS (5 cycles) and DI water (5 cycles). A total of 62.2
mg of 5 as a brown solid was isolated via lyophilization.
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2.9. Synthesis of G5-Alkyne-FA-NHAc (6)

5 (15.0 mg, 0.455 pmol) was dissolved in anhydrous methanol (1.0 mL), adding 150 equiv.
of triethylamine (TEA) and 150 equiv. of acetic anhydride (Ac,0), and stirred for 4 h. The
product was purified using Amicon Ultra Centrifugal units, 10 kDa MWCO membranes, 5
PBS washes, and 5 DI washes. A total of 14.6 mg of 6 as a brown solid was isolated via
lyophilization.

2.10. Synthesis of G5-Alkyne-FA-PEG3 (7)

5 (10.0 mg, 0.333 pmol) and trimethylamine (13.4 mg, 0.132 mmol) were dissolved in
anhydrous DMSO (400 uL). The mPEG3-NHS (44.4 mg, 0.133 mmol) DMSO (100 uL)
solution was added drop wise. The reaction mixture was stirred at room temperature
overnight. The product was purified using Amicon Ultra Centrifugal units, 10 kba MWCO
cutoff membranes, 5 PBS washes, and 5 DI washes. A total of 10.9 mg of 7 as a brown solid
was isolated via lyophilization.

2.11. Synthesis of G5-Alkyne-FA-PEGy (8)

5 (10.0 mg, 0.333 pmol) and trimethylamine (13.4 mg, 0.132 mmol) were dissolved in
anhydrous DMSO (400 puL). The mPEG7-NHS (68.0 mg, 0.133 mmol) DMSO (100 pL)
solution was added drop wise. The reaction mixture was stirred at room temperature
overnight. The product was purified using Amicon Ultra Centrifugal units, 10 kDa MWCO
membranes, 5 PBS washes, and 5 DI washes. A total of 11.9 mg of 8 as a brown solid was
isolated via lyophilization.

2.12. Zeta potential

Zeta Potential (ZP) measurements were performed using DTS- 1070 cuvette in Zetasizer
Nano-ZS (Malvern Instruments Ltd). For ZP measurements, surface modified NP 1-4 were
diluted to 5 uM in molecular grade water and 1 mM HEPES buffer with pH 7.0. These
dilutions were made at RT, and 5 min before measurement. Error for ZP measurements was
reported as actual measurement zeta deviation values.

2.13. Cell culture

To evaluate the biological effects of NP surface modifications, two cell models were
employed. RAW264.7 cells, macrophage cell model, was used to evaluate RES
interactions.>%:°1 KB cells, a tumor cell model that overexpresses the Folic acid receptor,
were used to evaluate cell-specific targeting.52-54 KB and RAW264.7 were maintained at

37 °C in a 5% CO, humidified incubator. RPMI without FA with 10% FBS and 1% P/S and
RPMI with L-Glutamine and 10% FBS and 1% P/S was used for KB and RAW264.7 cells
respectively. For flow cytometry cells were plated in a 24-well plate. For cytotoxicity assays,
cells were plated in 96-well plate. For confocal microscopy studies, cells were plated in 4
well Lab-Tek Il Chamber slide system. Cells were allowed to attach overnight at 37 °C
before use. Prior to flow cytometry analysis, RAW264.7 cells were washed twice with FACS
buffer. 500 pL of cell staining buffer was then added to each well, and a cell scraper was
used to dissociate cells from the surface.>>:56 The resulting cell suspension was then
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transferred to 1.5 mL Eppendorf tubes and centrifuged at 1200 rpm for 5 min at 4 °C. The
supernatant was removed and the pellet was suspended in FACS buffer.

Prior to flow cytometry analysis of KB cells, KB cells were washed twice with FACS buffer
and once with PBS without Ca?* and Mg?*. 200 UL of trypsin was then added to each well
and incubated for 5 min at 37 °C and 5% C0O,.%7 800 pL of KB media was then added to
each well containing now dissociated cells. The resulting cell suspension was then
transferred to 1.5 mL Eppendorf tubes and centrifuged at 1200 rpm for 5 min at 4 °C. The
supernatant was removed and the pellet was suspended in FACS buffer.

2.14. Cytotoxicity assays

For cell viability study, cell treatment was done with 100 nM conjugates 1-4 for 2, 24, and
48 h. XTT cell cytotoxicity assay were performed as per the company’s prescribed
procedure.>8-60 All measurements were done in triplicates and the compiled data is
presented as mean fluorescent units + standard deviation.

2.15. Flow cytometry in-situ click reaction (CuAAC reaction)

For flow cytometry, cell treatment was done with 10 nM conjugates for 2 h. Cells were
washed and pelleted as described above. The cell pellets were fixed with 4% PFA and
permeabilized with 1x Saponin prior to in situ CUAAC reaction. Fluorescent AF647 azide
was reacted with dendrimer conjugates for 1 h with Tris (100 mM, pH 8.5), CuSO4 (1 mM),
AF647 azide (100 pM) and L-ascorbic acid (100 mM). After staining the cells were washed
once with 1x Saponin solution and twice with FACS buffer. Cells were resuspended in
FACS buffer and flow cytometry was performed.

2.16. Confocal microscopy CuAAC reaction

For confocal microscopy, cell treatment was done with 100 nM conjugates for 2 h. Cells
were plated in 4 well Lab-Tek Il Chamber slides and were treated with the dendrimer
conjugates at 37 °C, 5% CO», for 2 h. After incubation, the cells were washed twice with
FACS buffer, then fixed with 4% PFA and permeabilized with 0.25% Triton-X100 for 20
min. The in situ CUAAC reaction was performed on the slides using a similar CUAAC
protocol as described above except using fluorescent AF555 azide. After the reaction, the
cells were washed once with TritonX-100 and twice with FACS buffer. Prolong gold
containing DAPI was then added to the cells and the slide was covered with #1.5 cover
glass. Slide was stored at 4 °C until confocal was performed. Confocal images were
obtained on a Leica Inverted SP5X confocal microscope using a 1.25 NA oil immersion
objective. To visualize DAPI, the 405 diode laser was used for excitation, and the emission
was filtered at 412-475 nm. To visualize AF555, the 519 nm line of the Argon laser was
used for excitation, and the emission was filtered at 531-719 nm.

Isolated products were first characterized by TH-NMR (Figure S1) using D,0 as a solvent
and water peak at 4.70 ppm as a reference. Two broad singlets appeared for compounds 1-8
around 6.8 and 7.1 ppm correspond to aromatic protons of the attached alkyne. We also
observed two broad singlets at 7.5 and 7.8 ppm that correspond to the aromatic protons of
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2.17. Statistical analysis

3. Results

For flow cytometry all measurements were done in triplicate. The data is presented as mean
fluorescent units + standard deviation. Significant differences between group means were
evaluated using one-way Anova, Dunnett’s post hoc test, P value < 0.05. The analysis was
performed using GraphPad Prism (GraphPad Software, Inc.; La Jolla, CA)

3.1. Synthesis and Characterization of dendrimer conjugates

3.2. Surface

We synthesized targeted (FA-modified) and non-targeted dendrimer (without FA) conjugates
as illustrated in Scheme 1. In brief, G5-Alkyne-NH, (1) was synthesized by reacting G5
with 4-(2-propyn-1-yloxy)-benzenepropanoic acid in presence of A~-Hydroxysuccinimide
(NHS) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) at room temperature
and pure compound 1 was isolated by ultracentrifugation employing Amicon Ultra
Centrifugal Filters. Isolated compound 1 was further reacted with acetic anhydride or PEGy-
NHS (m =3 and 7) in order to neutralize the primary amines to yield desired compounds 2,
3, and 4 respectively. Next, we synthesized FA-N3 (9) as previously described.1
Subsequently, we synthesized the targeted (FA-modified) dendrimer conjugates 5-8. First,
we synthesized G5-alkyne-FA-NH, (5) employing click chemistry in the presence of CuSOy4
and sodium ascorbate between compounds 1 and 9. Compound 5 was further reacted with
acetic anhydride or PEG,-NHS (m = 3 and 7) to prepare conjugates 6-8 respectively. After
each step, intermediates were purified by centrifugal ultrafiltration. The final products were
characterized by H NMR, UPLC and MALDI.

Isolated products were first characterized by 1H NMR (Fig. S1) using D50 as a solvent and
water peak at 4.70 ppm as a reference. Two broad singlets appeared for compounds 1-8
around 6.8 and 7.1 ppm correspond to aromatic protons of the attached alkyne. We also
observed two broad singlets at 7.5 and 7.8 ppm that correspond to the aromatic protons of
the conjugated folic acid derivatives for compounds 5-8. 1H NMR of compounds 7 and 8
showed broad singlets from 3.49 to 3.72 ppm that correspond to —CH,CH»0 and —OCH3
of PEG respectively. Singlets appeared for compounds 2 and 6 at 1.9 ppm correspond to
CH3CONH—. Conjugates and intermediates were also analyzed by Ultra Performance
Liquid Chromatography (UPLC) and matrix assisted laser desorption ionization/time-of-
flight mass spectrometry (MALDI-TOF MS). Fig. S2 (shown in supporting information)
illustrates UPLC chromatogram of PAMAM dendrimer conjugates. The peaks
corresponding to isolated pure compounds (1-8) appear as single peak. The conjugates were
further characterized by MALDI-TOF MS (Fig. S3) and average MWs of conjugates were
calculated.

Characterization and cytotoxicity of dendrimer conjugates

After synthesizing the dendrimer conjugates, we sought to evaluate the surface charge and
cytotoxicity of the dendrimer conjugates 1-4, both of which would could impact NP
specificity and efficacy. It has already been demonstrated that cationic NPs have nonspecific
interactions with circulating proteins and cells and can also induce cytotoxicity.62 Because it
is clear that the surface charge of nanoparticles can greatly affect their biological properties,
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we determined the zeta potential of the dendrimer conjugates. Consistent with prior reports,
the unmodified G5 dendrimer (1) had the highest positive charge of all conjugates tested
while the surface neutralized dendrimers (2-4) were close to neutral in both molecular grade
water and 1 mM HEPES pH 7 buffer (Fig. 1) To assess the cytotoxicity of these dendrimer
conjugates, the suite of dendrimers were incubated with RAW264.7 cells. We used
RAW264.7 cells, a murine macrophage cell line, as a cell model of the RES as has been
extensively reported.53-66 Cell cytotoxicity was measured using the XTT assay as we have
previously reported.67:68 At 100 nM concentration, none of the dendrimer conjugates 1-4
showed evidence of cytotoxicity (Fig. 2).

3.3. RES clearance of the dendrimer conjugates

After evaluating the cytotoxicity and charge properties of the dendrimer conjugates, we then
sought to examine how the NP surface modifications affected NP clearance by RES cells. To
examine NP clearance, we took advantage of our recently developed NP tracking technique
which relies upon an in situ bioorthogonal click reaction with a fluorophore allowing us to
track NP cellular uptake.5® The technique is based on a Copper (1) based Huisgen
cycloaddition reaction where, with the help of Cu (l) as catalyst, the alkyne handle on the
NP is covalently clicked onto the azide handle on the fluorophore post cellular uptake.”®
This technique greatly simplifies the biological evaluation of NP in that it does not require
additional functionalization of the various NP with fluorophores before their use in
biological systems. RAW264.7 cells, RES model system, were incubated with 10 nM and
100 nM of the dendrimer conjugates for flow cytometry and confocal microscopy
respectively, and uptake was examined at 2 h using our in situ tracking technique.®! After
incubation, the cells were processed and AF647 (for flow cytometry) or AF555 (for confocal
microscopy) was conjugated to the internalized dendrimer conjugates using the CUAAC
reaction. As shown in Fig. 3, the two PEGylated conjugates (3 and 4) and acetylated (2)
dendrimer conjugates were not cleared by RAW264.7 compared with the non-modified,
amine-terminated dendrimer scaffold (5) (one way ANOVA, Dunnett’s post hoc test, p <
0.05). These results suggest that acetylation of dendrimer conjugates functions similarly to
PEGylation with respect to minimizing RES clearance of NP. RES clearance of the targeted
conjugates is shown in Fig. S4, like the non-targeted version the targeted G5-Alkyne-FA-
NHACc (6), G5-Alkyne-FA-PEG3 (7), and G5-Alkyne-FA-PEG7 (8) show minimal RES
clearance. These results suggest that acetylated dendrimers reduces RES clearance similar to
that of PEGylated dendrimers.

3.4. Effects of surface modification on tumor-specific targeting

After confirming that acetylated and PEGylated dendrimer surface is similar in reducing
clearance by macrophages, we sought to evaluate its effects on cell-specific targeting. We
employed KB cells, a tumor-cell model that overexpresses the folate receptor, to evaluate
cell-specific targeting of the dendrimer conjugates.5253 KB cells were incubated with 10 nM
of the FA-targeted dendrimer conjugates 5-8 and uptake was examined at 2 h using our in
situ tracking technique. After incubation, the cells were processed and AF647 was
conjugated to the internalized FA-targeted dendrimer conjugates using the CUAAC reaction
and then assessed by flow cytometry. As expected, all FA-targeted dendrimer conjugates
show increased uptake compared with vehicle controls (Fig. 4). Interestingly, the acetylated
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G5-FA (6) shows higher uptake than that of the PEGylated dendrimer conjugates 7 and 8
(one way ANOVA, Dunnett’s post hoc test, p < 0.05). These results suggest that acetylation
of dendrimer conjugates have less of a detrimental effect on cell-specific targeting compared
with PEGylated dendrimer conjugates. More importantly, in essence PEGylation should
increase the solubility and acetylation should reduce solubility of macromolecules in water.
However, no solubility related problem was observed due to the acetylation of dendrimer in
the preparation of aqueous solution. Moreover, higher uptake was shown in both
macrophages and the tumor cell model by 6 than 7 and 8 further indicates that no adverse
effect due to any change of solubility by acetylation of dendrimer. Additionally, Fig. S5
shows KB uptake for non-targeted conjugates, G5-Alkyne- NHAc (2), G5-Alkyne-PEG3; (3),
G5-Alkyne-PEGy7 (4) show minimal uptake; these results confirm that FA is important for
NP internalization by KB cells. Additionally, it also shows that targeted acetylated (6) and
PEGylated (7 and 8) NP uptake was facilitated by FA targeting.

4. Discussion

In this study, we engineered a suite of dendrimer conjugates and systematically evaluated
how distinct surface modifications affected NP clearance by the RES and tumor-specific
targeting. We found that 1) both acetylation and PEGylation of the dendrimer surface
reduces clearance by the RES system and 2) that PEGylation of FA-targeted dendrimers
reduces tumor-specific targeting while acetylation of FA-targeted dendrimers does not
negatively impact tumor-specific targeting (Fig. 5).

One of the major barriers limiting nanotherapeutic delivery is an inability to attain
therapeutic levels at the target tissue because of NP clearance by the RES. The RES system,
which consists predominantly of macrophages, functions to sequester and clear NP after
their administration.” To improve NP circulating half-life and to reduce NP clearance by the
RES system, PEGylation has been widely used in drug delivery.”273 However, several recent
studies have suggested that PEGylation can have some detrimental effects on NP including
those on the NP therapeutic index and possibly triggering immune reactions.38:74-76 Another
practical limitation of PEGylating NPs is that the synthesis and purification can be more
difficult as PEG molecules are inherently polydisperse and the addition PEG molecules can
lead to batch-to-batch variability.””

To overcome some of the limitations of PEGylation, several studies have explored
alternatives.”879-81 Mantovani et al. presented A~maleimido-functionalized polymers as an
alternative to PEGylation; major drawbacks of this work is that reaction between two
macromolecules involve separate synthesis and attachment of a polymer to another
macromolecule, often suffer from low yield due to steric hindrance and difficulty in product
purification as a result of similar sizes and surface properties of the reactants and products.82
Additionally, Estephan and colleagues presented a zwitterionic alternative to PEGylation.83
This study was particularly interesting as it provided the advantages of PEG without adding
steric hindrance to the nanoparticle which PEG does; however the study lacked /n vitro
cancer cell experiments.
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In this study, we found that acetylation functions similarly to PEGylation with respect to
reducing RES clearance; interestingly, we also found that acetylated dendrimers did not
reduce tumor-specific targeting compared with PEGylated dendrimers. We hypothesize that
acetylated dendrimers reduce RES clearance by neutralizing the cationic surface of the
dendrimer and reducing electrostatic interactions with serum proteins and cell membranes;
this is supported by the data as positively charged dendrimers demonstrate higher RES
clearance. We believe that the higher targeted uptake of acetylated dendrimer compared with
PEGylation reflects a reduced steric hindrance between FA and the folate receptor with the
acetylated dendrimer conjugates. Acetylation as surface modification is not only applicable
to dendrimers but also potentially applicable to other NP therapeutics and imaging
agents.84:85 Moreover, acetylation can also provide for better control for the size and
polydispersity of the NP compared to PEGylation.86.87

Although we believe that the findings of this study will help us to better understand NP-RES
interactions, several limitations warrant consideration. The NP surface modifications were
only evaluated with one receptor ligand system, and only in cell models. Additionally,
studies are ongoing to validate these findings with other receptor-ligand systems and /n vivo
to further examine the full potential of acetylation as a viable alternative to PEGylation of
NPs.

5. Conclusion

In summary, this study demonstrates that acetylation is an effective alternative to PEGylation
for NP surface modification in that it 1) reduces clearance by RES cells and 2) it does not
affect tumor-specific targeting. We believe these results clarify the biological impact of
different NP surface modifications and provide insights that could help to design of more
effective NPs.
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Zeta potential of modified dendrimer conjugates. Zeta potentials for G5-Alkyne-NH, (1),
G5-Alkyne-NHACc (2), G5-Alkyne-PEG3 (3) and G5-Alkyne-PEG7 (4) in Molecular grade
water (a) and in 1 mM HEPES pH 7 buffer (b) are shown above. As expected, G5-Alkyne-
NH, (1) has the most positive charge. G5-Alkyne-NHAc (2), G5- Alkyne-PEG3 (3) and G5-
Alkyne-PEGy (4) are all similar in charge and are close to neutral in molecular grade water

and in 1 mM HEPES pH 7.
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Cytotoxicity of the modified dendrimer conjugates in RES cells. RAW?264.7 cells were
incubated with 100 nM dendrimer conjugates for (a) 2 h, (b) 24 h, and (c) 48 h. Following
incubation, cytotoxicity of the dendrimers was assessed using the XTT assay. NT signifies
no treatment control. None of the dendrimer conjugates were cytotoxic at the time points
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Fig. 3.
Flow cytometry and confocal evaluation of modified dendrimer conjugates clearance in RES

cells. A) RAW264.7 cells were incubated with 10 nM of the dendrimer conjugates for 2 h.
After incubation, the cells were harvested and AF647 was conjugated in situ using the
CUuAAC approach. Dendrimer clearance (Fluorescence Intensity) was then measured using
flow cytometry. G5-Alkyne-NHACc (2), G5-Alkyne-PEG3 (3), and G5-Alkyne-PEGy (4)
showed minimal clearance by RES cells compared with the unmodified dendrimer (G5-
Alkyne-NH, (1)). Asterisk represents statistical difference between (One way Anova,
Dunnett’s post hoc test, P value <0.05) NT and treatments. B) RAW?264.7 cells were
incubated with 100 nM of the modified dendrimer conjugates for 2 h. After incubation, the
cells were harvested and AF555 was conjugated in situ using the Confocal CUAAC
approach. Dendrimer clearance by RES cells was evaluated using confocal microscopy
probing for AF555 (NP) and DAPI (cell nuclei) for (i) NT, (ii) G5- Alkyne-NH, (1), (iii)
G5-Alkyne-NHACc (2), (iv) G5-Alkyne-PEG3 (3), and (v) G5-Alkyne-PEGy (4). Again, G5-
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Alkyne-NHAc (2), G5-Alkyne-PEG3 (3), and G5-Alkyne-PEG7 (4) showed minimal
clearance by RES cells compared with the unmodified dendrimer (G5-Alkyne-NH, (1)).
Results are representative of at least 3 independent experiments.
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Fig. 4.

Efgfects of surface modifications on tumor-specific targeting of dendrimer conjugates. KB
cells were incubated with 10 nM of the targeted, surface-modified dendrimer conjugates for
2 h. After incubation, the cells were harvested and AF647 was conjugated in situ using the
CUuAAC approach. Dendrimer uptake was then measured using flow cytometry. Surprisingly,
the acetylated targeted dendrimer conjugate (6) demonstrated significantly more uptake than
both the PEGylated targeted dendrimer conjugates (7 and 8). “P < 0.05 for NT and
treatments (One way Anova, Dunnett’s post hoc test). P < 0.05 between G5-Alkyne-FA-
NHACc (6) and other treatments (One way Anova, Dunnett’s post hoc test). Results are
representative of 3 independent experiments.
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Fig. 5.
Schematic of effects of PEGylation and acetylation of NP surface on RES clearance and

tumor-specific targeting. Graphic presentation not to scale.
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