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ABSTRACT: A zwitterionic polyphosphoester (zPPE), specif-
ically vr-cysteine-functionalized poly(but-3-yn-1-yloxy)-2-oxo- * ! SHkoag 4
1,3,2-dioxaphospholane (zPBYP), has been developed as a g, s{ e k/
poly(ethylene glycol) (PEG) alternative coating material for &<~

gold nanoparticles (AuNPs), the most extensively investigated
metal nanoparticulate platform toward molecular imaging,
photothermal therapy, and drug delivery applications. Thiol—
yne conjugation of cysteine transformed an initial azido-terminated and alkynyl-functionalized PBYP homopolymer into zPBYP,
offering hydrolytic degradability, biocompatibility, and versatile reactive moieties for installation of a range of functional groups.
Despite minor degradation during purification, zZPPEs were able to stabilize AuNPs presumably through multivalent interactions
between combinations of the side chain zwitterions (thioether and phosphoester groups of the zPPEs with the AuNPs). *'P
NMR studies in D,0O revealed ca. 20% hydrolysis of the phosphoester moieties of the repeat units had occurred during the
workup and purification by aqueous dialysis at pH 3 over ca. 1 d, as observed by the *'P signal of the phosphotriesters
resonating at ca. —0.5 to —1.7 shifting downfield to ca. 1.1 to —0.4 ppm, attributed to transformation to phosphates. Further
hydrolysis of side chain and backbone units proceeded to an extent of ca. 75% over the next 2 d in nanopure water (pH 5—6).
The NMR degradation results were consistent with the broadening and red-shift of the surface plasmon resonance (SPR)
observed by UV—vis spectroscopy of the zZPPE-coated AuNPs in water over time. All AuNP formulations in this study, including
those with citrate, PEG, and zPPE coatings, exhibited negligible immunotoxicity, as determined by cytokine overexpression in
the presence of the nanostructures relative to those in cell culture medium. Notably, the zPPE-coated AuNPs displayed superior
antifouling properties, as assessed by the extent of cytokine adsorption relative to both the PEGylated and citrate-coated
AuNPs. Taken together, the physicochemical and biological evaluations of zPPE-coated AuNPs in conjunction with PEGylated
and citrate-coated analogues indicate the promise of zPPEs as favorable alternatives to PEG coatings, with negligible
immunotoxicity, good antifouling performance, and versatile reactive groups that enable the preparation of highly tailored

AuNP@citrate
AuNP@zPBYP

nanomaterials for diverse applications.

1. INTRODUCTION

Metal and metal oxide (MO) nanoparticles (NPs) have been
extensively explored for imaging, photothermal therapeutic,
and drug delivery applications, due to their tunable photo-
physical properties accessed by feasible syntheses that allow for
control over their sizes and morphologies."”” To improve the
aqueous stability and decrease the undesirable nonspecific
protein adsorption (opsonization) of NPs, both of which are
critical factors that affect in vivo fate, various hydrophilic
natural and synthetic polymers have been developed and used
as coating materials to construct polymer—metal/MO hybrid
nanostructures through ligand displacement reactions.””
Moreover, the incorporation of polymer components also
provides facile pathways for introducing cell targeting and/or
multimodule imaging functionalities, enabling responsive

-4 ACS Publications  © 2018 American Chemical Society

1503

properties and enhancing the loading and release performance
of NP delivery platforms.

Poly(ethylene glycol) (PEG) represents the “gold standard”
polymeric coating material for polymer—metal hybrid nano-
structures.” It has been well-established that the PEG can
improve NP water solubility, inhibit colloidal aggregation, and
reduce the NP opsonization under physiological conditions.””
However, recent research has indicated that PEGylated
biomaterials could lose stealth functions and undergo
accelerated blood clearance by mononuclear phagocyte system
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(MPS) organs after repeated doses due to the production of
anti-PEG antibodies by the immune system.®™'° Additionally,
conventional telechelic PEGs are nonbiodegradable and lack
feasibility for introduction of multiple functional moieties.
Therefore, the development of alternative coating materials
that provide comparable stabilization and stealth capabilities,
evade recognition by the immune system, offer degradability,
and impart functionalizable groups is highly desirable for
nanoscopic polymer—metal hybrid biomaterials.

Zwitterionic antifouling polymers, e.g., poly(carboxybetaine)
(PCB),"" poly(phosphorylcholine),"*"* and poly-
(sulfobetaine),'* are potential alternatives to PEG-based
coatings, as they are highly resistant to nonspecific protein
adsorption.””> However, our previous results showed that,
despite the comparable in vivo stealth properties of PCB to
PEG, in certain circumstances, PCB-coated polymeric NPs
could exhibit elevated immunotoxicity in comparison with
their PEGylated analogues.16 Biodegradable polymers, such as
polyesters,'” polyphosphoesters (PPEs),"*™*" and poly(glucose
carbonate),”’ have been studied as promising materials for
biomedical applications, which reduce the potential for long-
term accumulation and associated adverse effects. Our group
has developed degradable zwitterionic golymers, including
PPE** and poly(glucose carbonate),””** to address the
immunotoxicity issues.”> Interestingly, polymeric NPs with -
cysteine-functionalized, degradable zwitterionic PPE (zPPE)-
based shells*****” exhibited noticeably decreased immunotox-
icities, particularly after shell cross-linking. On the basis of
these results, we hypothesized that the utilization of zPPEs as
coating materials for metal NPs would enable low
immunotoxicity of resulting hybrid NPs while maintaining
the favorable antifouling properties of PCB.*® Moreover, the
cysteine-derived carboxylic acids and amines in the zPPE
corona provide opportunities for cross-linking to enhance the
rigidity and stability of the composite nanomaterials.

In this report, a degradable zPPE, namely L-cysteine-
functionalized poly(but-3-yn-1-yloxy)-2-oxo-1,3,2-dioxaphos-
pholane (zPBYP), was synthesized and explored as a PEG-
alternative coating material for gold NPs (AuNPs), the most
extensively investigated metal nanoparticulate platform toward
molecular imaging, photothermal therapy, and drug delivery
applications.”” Although the utilized zZPBYP experienced minor
amounts of degradation during the purification process, its
capabilities of stabilizing AuNPs, avoiding long-term accumu-
lation by further degradation, realizing minimal immunotox-
icity, and decreasing cytokine adsorption relative to AuNPs
coated with PEG and citrate were demonstrated. Our
investigation also supported the observation that the ultrasmall
gold nanoclusters (AuNPs with hydrodynamic diameter <10
nm) could be potential platforms for in vivo diagnostic and
theranostic applications.

2. EXPERIMENTAL SECTION

Materials and Methods. Dichloromethane (DCM) and N,N-
dimethylformamide (DMF) were purified by a solvent purification
system (J. C. Meyer Solvent Systems, Laguna Beach, CA). Nanopure
water (18 MQ-cm) was acquired from a Milli-Q water filtration
system (Millipore Co.). Phosphate-buffered saline (PBS) was
purchased as a 10X solution from VWR and diluted to a
concentration of 1X in nanopure water. Thioctic acid-terminated
PEG (TA-PEG-OMe, 750 Da) was purchased from Quanta
BioDesign, Ltd. (Plain City, OH). Other reagents were used as
received from Sigma-Aldrich, Co. (St. Louis, MO) unless otherwise
noted. Dialysis membrane tubing with a molecular weight cutoff
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(MWCO) of 3.5 kDa was purchased from Spectrum Laboratories,
Inc. (Rancho Dominguez, CA) and soaked for S min in nanopure
water at room temperature (rt) before use.

Characterization. '"H NMR, *C NMR, and *'P NMR spectra
were acquired on a Varian Inova 500 spectrometer interfaced to a
UNIX computer using VnmrJ software. Chemical shifts in the 'H
NMR and *C NMR spectra were referenced to the residual solvent
resonance signals, while those in the *'P NMR spectra were
referenced to an external standard, 85% H;PO, in D,0. FT-IR
spectra were recorded on an IR Prestige 21 system (Shimadzu Corp.),
equipped with an attenuated total reflectance (ATR) accessory and
analyzed using IRsolution version 1.40 software. Ultraviolet—visible
(UV—vis) spectroscopy measurements were performed on a
Shimadzu UV-2550 spectrophotometer.

Size exclusion chromatography (SEC) eluting with DMF was
conducted on a Waters Chromatography, Inc. (Milford, MA) system
equipped with an isocratic pump (model 1515), a differential
refractometer (model 2414), and a four-column set, including a $
pum Guard column (50 X 7.5 mm), a Styragel HR 4 S ym DMF
column (300 X 7.5 mm), a Styragel HR 4E S ym DMF column (300
X 7.5 mm), and a Styragel HR 2 S yum DMF column (300 X 7.5 mm).
The system was equilibrated at S0 °C in prefiltered DMF containing
0.0S M LiBr with the flow rate set to 1.00 mL/min. Data collection
and analysis were performed with Discovery32 version 1.039.000
software (Precesion Detectors, Inc.). Molecular weights were
determined relative to polystyrene standards (615—442800 Da)
purchased from Polymer Laboratories, Inc. (Amherst, MA). Polymer
solutions were prepared at a concentration of ca. 3 mg/mL with 0.05
vol % toluene added as a flow marker, and an injection volume of 200
#L was used.

Thermogravimetric analysis (TGA) was performed under an Ar
atmosphere using a Mettler-Toledo model TGA/DSC 1 with a
heating rate of 10 °C/min. Glass transitions (T,) were measured by
differential scanning calorimetry (DSC) on a Mettler-Toledo DSC822
(Mettler-Toledo, Inc.,, Columbus, OH) under N, (). DSC measure-
ments were performed with a heating rate of 10 °C/min and analyzed
using Mettler-Toledo STARe version 10.00 software. The T, was
taken as the midpoint of the inflection tangent of the second heating
scan.

Electrospray ionization mass spectrometry (ESI-MS) experiments
were performed using a Thermo Scientific LCQ-DECA instrument.
The sample was directly infused at a flow rate of 6 4L/min. The spray
voltage was set to —4.5 kV, and the sheath gas and auxiliary gas flow
rates were set to 50 and 10 au, respectively. The transfer capillary
temperature was held at 250 °C. Xcalibur 2.0 software was used for
data acquisition and processing.

Inductively coupled plasma mass spectrometry (ICP-MS) was
performed on a PerkinElmer SCIEX ICP mass spectrometer ELAN
DRC II equipped with a high-speed quadrupole, a dynamic reaction
cell (DRC), and axial field technology (AFT) to eliminate polyatomic
interference, using 1% HNO; as the matrix and rhodium as the
internal standard. The amount of Au in each sample was determined
by ICP-MS after dilution with 1% HNO;.

High-resolution scanning transmission electron microscopy
(STEM) was conducted on a FEI Tecnai G2 F20 FE-TEM coupled
with energy-dispersive X-rays (EDX), operating at a voltage of 200 kV
and equipped with a Gatan CCD camera. Samples for TEM were
prepared as follows: 10 L of a dilute NP solution in nanopure water
was deposited onto a carbon-coated copper grid, and after 1 min,
excess solution was quickly wicked away by a piece of filter paper, and
the samples were left to dry under ambient conditions overnight.

Dynamic light scattering (DLS) measurements were conducted
using a Delsa Nano C instrument from Beckman Coulter, Inc.
(Fullerton, CA) equipped with a laser diode operating at 633 nm.
Scattered light from 0.5 mL samples in a disposable polystyrene cell
(0.9 mL capacity) was detected at 165° and averaged over 70
accumulations. The photomultiplier aperture and attenuator were
adjusted automatically to obtain a photon count rate of ca. 10 kcps.
The particle size distribution and distribution averages (ie., the
intensity-, volume-, and number-average hydrodynamic diameters)
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were calculated using CONTIN particle size distribution analysis
routines in Delsa Nano 2.31 software. All measurements were
repeated 10 times.

Atomic force microscopy (AFM) was performed using a Multi-
mode 8 system (Bruker) in PeakForce tapping mode using a
ScanAsyst-Air Silicon Nitride probe (k = 0.4 N/m, f, = 70 kHz,
Bruker). AFM images were processed with Nanoscope Analysis 8.15
software (Bruker). Samples were prepared by deposition of a solution
of nanoparticles in nanopure water (S0 L, 0.2 mg/mL) onto freshly
cleaved mica substrates. After 1 min, excess solution was wicked away
by a piece of filter paper, and the mica surface was allowed to dry in
air.

Synthetic Protocols. Synthesis and characterization of the cyclic
phosphotriester monomer BYP was performed according to a
previously reported procedure.>

Synthesis of PBYP. A solution of BYP (0.9910 g, 5.631 mmol)
and 3-azido-1-propanol (48.4 mg, 0.479 mmol) in anhydrous DCM
(2 mL) was transferred via syringe into a flame-dried vial equipped
with a stir bar and rubber septum under Ny, at rt. A solution of
organocatalyst 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) (82.3 mg,
0.592 mmol) in anhydrous DCM (0.2 mL) was injected quickly into
the vial. After the contents were stirred for 20 min, the reaction vial
was opened to air, and the reaction was quenched by addition of
excess acetic acid. An aliquot of the reaction mixture was withdrawn
and diluted with CDCIl; to determine the BYP monomer conversion
using *'P NMR spectroscopy by comparison of the relative
integrations of the peaks at 17.97 and between —0.20 and —1.89
ppm, corresponding to cyclic and ring-opened phosphoester
resonances, respectively. PBYP was purified by precipitation from
DCM into diethyl ether and then dried under a vacuum to afford a
colorless liquid (893.6 mg, 85% yield). "H NMR (500 MHz, CDCL):
5 4.47-3.93, 3.83-3.66 (m, POCH,CH,0, POCH,CH,C=CH,
N,CH,CH,CH,), 342 (t, N;CH,, J = 5.0 Hz), 2.64—2.51 (br,
CH,C=CH), 2.18—2.02 (br, CH,C=CH), 1.92 (q, N;CH,CH,, ] =
5.0 Hz) ppm. *C NMR (126 MHz, CDCly): § 79.56, 70.84, 66.46,
65.82, 65.02, 47.58, 29.63, 20.64 ppm. *'P NMR (202 MHz, CDCl,):
5 —0.2 to —1.89 ppm. FT-IR (ATR) 3700—3100, 3100—2700, 2100,
1711, 1647, 1456, 1375, 1271, 1230, 1009, 964, 800, 733 cm™. T, =
—37 °C. TGA in Ar: 170—310 °C, 57% mass loss; 310—500 °C, 14%
mass loss, 29% mass remaining at 500 °C. SEC (0.01 M LiBr in DMF,
PS standards): M, = 14.9 kDa, D = 1.22.

Postpolymerization Modification of PBYP with L-Cysteine
via Thiol-Yne Reaction To Afford Zwitterionic PBYP (zPBYP).
PBYP (941.8 mg, S.1 mmol alkyne groups), L-cysteine (9.059S g,
51.580 mmol), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 395.0
mg, 1.541 mmol), and concentrated HCl (11.65S M, 4.4 mL, S1
mmol) were dissolved in N,N-dimethylacetamide (DMAc, 35 mL),
deoxygenated under Ny, for 10 min, and irradiated under UV light
(365 nm) for 2.5 h with stirring. The resulting solution was
transferred to dialysis tubing (MWCO 3.5 kDa) and dialyzed against
nanopure water adjusted to pH 3 with HCl at 4 °C for 1 d to remove
excess thiol and photoinitiator. The solution was then lyophilized to
afford zPBYP as a white solid (1.3318 g, 61% yield). '"H NMR (500
MHz, D,0): § 4.59—4.18 (br, N;CH,CH,CH, POCH,CH,0,
POCH,CH,CH), 4.18-3.91 (br, CH,CH(NH,)COOH,
POCH,CH,CH), 3.91-3.70 (POCH,CH, in the anionic repeat
units), 3.51 (t, NsCH,, J = 5.0 Hz), 3.40-2.61 (br, SCHCH,S,
SCHCH,S, CH,SCHCH,S, SCHCH,SCH,), 2.40—2.14, 2.06—1.72
(br, N3CH,CH,, POCH,CH,CH) ppm. *C NMR (126 MHyg,
CDCI3): 6 172.06, 68.02, 67.21, 66.35, 65.22, 64.50, 53.40, 47.28,
36.61, 36.21, 31.49, 29.03 ppm. *'P NMR (202 MHz, CDCL,): 6 1.10
to —1.70 ppm. FT-IR (ATR) 3140—2780, 2670, 2460, 1780, 1655,
1593, 1514, 1472, 1362, 1285, 1207, 1097, 991, 912, 843, 760 cm™ .
T, = —64 °C. TGA in Ar: 150—200 °C, 11% mass loss; 200—400 °C,
46% mass loss, 43% mass remaining at 500 °C.

Synthesis of Citrate-Coated AuNP (AuNP@citrate). Into a 20
mL glass vial equipped with a stir bar, nanopure water (S mL),
HAuCl, (10 mM, 500 L), and sodium citrate solution (20 mM in
nanopure water, 500 xL) were added and allowed to stir.”" Ice-cold,
freshly prepared sodium borohydride solution (20 mM in nanopure
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water, 1 mL) was then quickly added to the mixture while vigorously
stirring at rt. The solution turned pink after a short time, indicative of
the formation of AuNPs, and was stirred for an additional 0.5 h. The
AuNPs were then purified by centrifugal filtration (MWCO 10 kDa)
with nanopure water three times at 3500 rpm.

Preparation of zPBYP-Coated AuNP (AuNP@zPBYP). In a
typical reaction, zPBYP (1.0 mg) was dissolved in 1X PBS (pH = 7.4,
1 mL). A solution of AuNP@citrate (2 mL, 0.14 mg/mL Au as
determined by ICP-MS) in nanopure water was then added dropwise
into the solution of zPBYP using a syringe pump over 5 min while
stirring. The reaction mixture was stirred for 3 h, and the polymer-
coated NPs were purified by centrifugal filtration (MWCO 10 kDa)
with nanopure water three times at 3500 rpm.

Preparation of PEG-Coated AuNPs (AUNP@PEG). In a typical
reaction, TA-PEG-OMe (1.0 mg, 1.3 ymol) was dissolved in 1x PBS
(pH = 7.4, 1.0 mL). A solution of AuNP@citrate (2 mL, 0.14 mg/mL
Au) was then added dropwise into the solution of TA-PEG-OMe
using a syringe pump over S min while stirring. The reaction mixture
was stirred for 3 h, and the PEG-coated NPs were purified by
centrifugal filtration (MWCO 10 kDa) with nanopure water three
times at 3500 rpm.

Preparation of Shell Cross-Linked zPBYP-Coated AuNP
(AUNP@X-zPBYP). To a solution of AuNP@zPBYP (2 mL, 0.14
mg/mL Au, 0.44 pmol of carboxylic acids, 0.44 pmol of amines), a
solution of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide me-
thiodide (EDCI, 650 uL, 0.10 mg/mL in water) was added. The
reaction was allowed to stir overnight at rt, and the cross-linked
nanostructures were purified by centrifugal filtration (MWCO 10
kDa) with nanopure water three times at 3500 rpm.

Hydrolytic Degradation of zPBYP. In a typical study, a
lyophilized sample of zPBYP (15.1 mg) was dissolved in D,0 (0.4
mL) and transferred into an NMR tube. The sample was maintained
in a New Brunswick Innova 44 incubator shaker (37 °C, 60 rpm) and
characterized by *'P NMR to monitor the degradation progress at
predetermined times (0 h and 1, 2, 3, 4, and 6 d). The study was
repeated in triplicate. After 6 d, an aliquot of the sample was diluted
with methanol and further characterized by ESI-MS for identification
of small-molecule degradation products. The remaining sample was
dialyzed against nanopure water in dialysis tubing (MWCO 1 kDa),
followed by lyophilization to determine the amount of residual
material retained in the dialysis tubing.

Degradation Study of AuNP@zPBYP in Comparison to
AuNP@citrate, AuNP@PEG, and AuNP@X-zPBYP. In a typical
study, a solution of AuNP@zPBYP was kept in the incubator shaker
(37 °C, 60 rpm) and characterized by UV—vis spectroscopy at
predetermined times (0, 1, 2, 4, 6, and 14 d). Similarly, the stabilities
of AuNP@citrate, AuNP@PEG, and AuNP@X-zPBYP in the
incubator shaker were evaluated by monitoring the surface plasmon
resonance (SPR) over 14 d.

Cytokine Multiplex Assay. The multiplex assay was performed
as reported previously.”® RAW 264.7 (2 x 10* cells/well) mouse
macrophages were plated in a 96-well plate in Dulbecco’s Modified
Eagle Medium (DMEM) (10% fetal bovine serum and 1% penicillin/
streptomycin) and incubated at 37 °C and 5% CO, for 24 h. The
medium was then replaced with fresh medium 1 h prior to the
addition of 20 uL of each of the samples (medium (control), AuNP@
citrate, AUNP@zPBYP, AuNP@PEG, and AuNP@X-zPBYP (5 ug/
mL Au in each sample)). After a 24 h incubation, the supernatants
were collected and centrifuged for 10 min at 13000 rpm. Serial
dilutions of cytokine standards (Bio-Rad Laboratories, Inc., Hercules,
CA) were prepared in cell-culture medium to generate a calibration
curve with which to determine cytokine concentration. The cytokine
standard and cells treated with culture medium (control, SO uL) and
NPs (50 uL) were incubated with antibody-conjugated magnetic bead
solution (S0 L) for 30 min in the dark. After washing, the detection
antibody solution (S0 L) was added to the wells, and they were
incubated in the dark for 30 min under continuous shaking (300
rpm). After washing, a streptavidin-phycoerythrin solution (S0 uL)
was added to each well, and they were incubated while being
protected from light for 10 min under continuous shaking (300 rpm).

DOI: 10.1021/acs.langmuir.8b02033
Langmuir 2019, 35, 1503-1512


http://dx.doi.org/10.1021/acs.langmuir.8b02033

Langmuir

Scheme 1. Synthesis of PBYP Followed by Post-Polymerization Modification via a Thiol—Yne Click Reaction with 1-Cysteine
to Yield the Zwitterionic Polyphosphoester zZPBYP and the Subsequent Preparation of AuNP@zPBYP and AuNP@X-zPBYP“
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Figure 1. NMR spectroscopy of zPBYP in D,0: (a) '"H NMR (500 MHz) and (b) *'P NMR (202 MHz) spectra.

Finally, after several cycles of washing and resuspension in the assay
buffer and shaking, the expression of the mouse cytokines, interleukin
(IL)-1a, IL-1p, IL-2, IL-3, IL-4, IL-S, IL-6, IL-9, IL-10, IL-12 (P40),
IL-12 (P70), IL-13, IL-17, eotaxin, granulocyte-colony-stimulating
factor (G-CSF), granulocyte macrophage-colony stimulating factor
(GM-CSF), interferon-y (IFN-y), keratinocyte-derived chemokine
(KC), monocyte chemotactic protein (MCP)-1, macrophage
inflammatory protein (MIP)-1a, MIP-1f3, regulated upon activation
normal T-cell expressed and presumably secreted (RANTES), and
tumor necrosis factor-a (TNF-), were measured immediately using a
Bioplex 200 system equipped with high-throughput fluidics (HTF)
and a Pro II Wash station, and the data were analyzed using Bioplex
Data Pro software. Cytokine expression was reported relative to that
by cells in the culture medium.

Cytokine Adsorption Assay. Adsorption of the mouse cytokines,
IL-1a, IL-1, IL-2, IL-3, IL-4, IL-S, IL-6, IL-9, IL-10, IL-12 (P40), IL-
12 (P70), IL-13, IL-17, Eotaxin, G-CSE, GM-CSE, IFN-y, KC, MCP-
1, MIP-1a, MIP-1f5, RANTES, and TNF-a, onto the AuNPs was
measured using a Bioplex 200 system equipped with HTF and a Pro II
Wash station. Specific concentrations of the cytokine standards were
determined either in cell culture medium (DMEM) or when mixed
with the various NPs ($ pug/mL) in the same medium, as described
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previously.'®*” The values are reported in Figure 6 as the ratio of the
cytokine concentration in the cytokines/NP mixtures to that in
samples without NPs treated and subjected to the same rinsing
procedures.

3. RESULTS AND DISCUSSION

Design and Synthesis of the Functional, Degradable
Zwitterionic Polyphosphoester zPBYP. The zPBYP was
designed as an alternative AuNP coating material to PEG, with
zwitterions in the side chains to prevent biofouling and
undesired immune system responses and an azide group at the
chain end to enable attachment of drugs, targeting moieties,
and imaging agents (Scheme 1). A PPE backbone was selected
due to its previously reported biocompatibility, degradability,
and chemical versatility.”>** The chain length was set to be
relatively short, with a target degree of polymerization (DP,)
of 12, to allow comparison with the previously reported TA-
PEG-OMe (DP, = 12), which stabilized ultrasmall NPs with
number-average hydrodynamic diameters (Dh(number)) < 10 nm
postulated to promote effective renal clearance in vivo.>® The
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azide group on the chain end, while not utilized in this work,
provides opportunities for further modification of the polymer
via azide—alkyne click reactions to expand the utility and scope
of the NPs.

The alkyne-functionalized homopolymer PBYP was synthe-
sized by rapid organocatalyzed ring-opening polymerization
(ROP) of the cyclic phosphotriester monomer BYP at rt in
DCM with 3-azidopropanol as the initiator and DBU as the
organocatalyst (Scheme 1). After 20 min, the reaction was
quenched by addition of excess acetic acid. The *'P NMR
spectrum of the reaction aliquot showed almost complete
conversion of the single cyclic monomer signal (resonating at
18.0 ppm) to several polymer *'P resonance frequencies
(between —0.2 to —1.9 ppm) (Figure S1). Size exclusion
chromatography (SEC) of the purified product (Scheme 1
inset) revealed a monomodal molar mass distribution with
relatively narrow dispersity (D = 1.22), consistent with the
controlled character of organocatalyzed ROP to yield well-
defined polymers. The number-average molar mass (M,) and
degree of polymerization (DP,) were calculated from the 'H
NMR spectrum of PBYP (Figure S2) by comparing the
integration of the proton resonances from the initiator (3.4
ppm) with those of the polymer side chain proton resonances
(2.6—2.5 ppm).

The zwitterionic polymer, zPBYP, was synthesized by
postpolymerization modification of PBYP via photoinitiated
thiol—yne click reaction of PBYP with excess L-cysteine (10
equiv relative to alkyne groups), as shown in Scheme 1. The
similar solubilities of L-cysteines and zPBYP in a variety of
solvents rendered purification by precipitation unfeasible;
therefore, the reaction mixture was dialyzed against water
acidified with HCI (pH = 3) at 4 °C for 1 d to remove excess
thiol and photoinitiator and then lyophilized to afford zZPBYP
as a white solid in 61% yield. The appearance of signals for
protons adjacent to the L-cysteine sulfur atom, resonating
between 3.5 and 2.8 ppm, and the disappearance of the alkyne
proton resonances (2.2—2.0 ppm) in the "H NMR spectrum
indicated quantitative consumption of the alkynes (Figure 1a).
Following purification of zZPBYP, the appearance of resonances
between 1.1 and —0.4 ppm in the *'P NMR spectrum (Figure
1b) indicated partial degradation despite measures to inhibit
degradation, i.., acidification of the dialysis solution to
protonate the cysteine amines to reduce their nucleophilicity.
Nevertheless, given that the polymer was obtained in ca. 60%
yield, which would presumably be substantially lower if the
polymer had degraded into oligomers and been removed by
dialysis, the degradation is assumed to occur predominantly by
cleavage of side chains or near the chain ends. The extent of
degradation was determined to be ca. 20% by comparing the
integration of resonances of the phosphate groups between 1.1
and —0.4 ppm to the total integration of phosphorus
resonances, ie., from 1.1 to —1.7 ppm. The multiple
resonances from 4.0 to 3.7 ppm in the 'H NMR spectrum
were assigned to the backbone protons in the anionic repeat
units, consistent with our previously reported NMR spectros-
copy results on PPE ionomers.”* While degradation of zPBYP
during purification was difficult to avoid, the presence of
anionic groups was not anticipated to be detrimental to the
stabilization of AuNPs. Taken together, the introduction of
large amounts of zwitterionic L-cysteine groups onto
biocompatible and degradable PPEs yielded promising PEG-
alternative coating materials, which were then investigated for
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their ability to stabilize AuNPs and reduce immunotoxicity
(vide infra).

Synthesis of AuNPs with Different Coatings. Citrate-
coated AuNPs (AuNP(@citrate) were prepared according to
literature procedures® in which strong reducing agents are
added to solutions of gold salts with stabilizing agents to
produce small-sized AuNPs. In a typical reaction, HAuCl, and
sodium citrate were mixed in nanopure water followed by the
addition of a freshly prepared solution of NaBH, in nanopure
water (cooled in an ice bath prior to use) under vigorous
stirring. The solution was then allowed to stir at rt for 30 min
before purification bgr centrifugal filtration. Consistent with
literature reports,”>*® a characteristic absorption peak was
observed in the UV—vis spectrum (Figure 2, black trace) of

124 —— AuNP@citrate
AuNP@PEG
——AuNP@zPBYP
AuNP@X-zPBYP
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Figure 2. Characterization of coated AuNPs in nanopure water by
UV—vis spectroscopy.

AuNP@citrate at 510 nm, corresponding to the SPR of
AuNPs. TGA showed minimal mass loss for AuNP@citrate
upon heating up to 500 °C under Ar (Figure SS), which is also
consistent with literature reported results on citrate-coated
AuNPs.*’

Polymer-coated AuNPs, AuNP@zPBYP and AuNP@PEG,
were prepared by addition of AuNP@citrate dropwise into
polymer solutions while stirring. The reaction mixtures were
stirred for 3 h at rt before purification by centrifugal filtration.
While PEG (TA-PEG-OMe) was anchored to the AuNPs by
bidentate ligation of TA moieties at the chain end to the AuNP
surface, zPBYP is postulated to displace citrate ligands and coat
AuNPs by multivalent interactions between the thioether,
carboxylic acid/carboxylate, and amine/ammonium groups®®
of the side chains and Au atoms on the NP surface. The UV—
vis spectra of both AUNP@zPBYP and AuNP@PEG showed
broadening and a small red-shift of the SPR peak (to 514 and
518 nm, respectively) relative to AuNP@citrate (Figure 2). In
contrast to the negligible mass loss observed upon heating
AuNP@citrate, the polymer coatings of AuNP@zPBYP and
AuNP@PEG accounted for 26% and 18% of the total mass,
respectively, on the basis of TGA (Figure SS and S6). It is
noteworthy that the AuNP@citrate composites destabilized
upon freezing, and black solids were observed after
lyophilization that could no longer be dissolved in aqueous
solution. In contrast, lyophilized AuNP@zPBYP and AuNP@
PEG redispersed readily in aqueous solution. These results
indicated superior AuNP stabilization by the zPBYP and PEG
coatings relative to citrate, attesting to the potential of these

DOI: 10.1021/acs.langmuir.8b02033
Langmuir 2019, 35, 1503-1512


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02033/suppl_file/la8b02033_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02033/suppl_file/la8b02033_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02033/suppl_file/la8b02033_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02033/suppl_file/la8b02033_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b02033

Langmuir

= Diameter (nm)

X 25 I On intensity) = 48 = 38 nm
2 O, 01y me) = 826 1M
§ 20 B O, (number) = 52 1M
Q
D s
2
8 10
=
]
a—, 5
£
o o
1 10 100 1000
Diameter (nm)
30
° -
S s B D, ngensity) = 99 * 90
b I O,y o1ume) = 17 % 120m
§ 20 B O, (ymper) = 1223 0m
Q
D s
2
8 10
=
o
Zos
(9]
=
[a

1000

nm

R 25 ey = 1202 110 AM
b =152 120m
§- 20 .,=10230m
o
815
2
©
= 10
f=
g 5
25

0

1 10 100 1000
Diameter (nm)

30
X, WO, . =180:130nm
4 [T 13210 nm
S 20 WD, . =9:2mm
Qo
D s
.
8 10
5
=5
o
b5
a o

1 10

100
Diameter (nm)

1000

Figure 3. TEM images and DLS size distributions of (a) AuNP@citrate, (b) AuNP@zPBYP, (c) AuNP@PEG, and (d) AuNP@X-zPBYP samples;
scale bar = 5 nm. Number-, intensity-, and volume-averaged hydrodynamic diameters were obtained by DLS in nanopure water.
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Figure 4. AFM images and height profiles of (a) AuNP@citrate, H,, = 3.3 + 0.7 nm, (b) AuNP@zPBYP, H,, = 3.6 + 0.9 nm, (c) AuNP@PEG, H,,
=3.5 + 0.6 nm, and (d) AuNP@X-zPBYP H,, = 3.4 + 0.8 nm, plotting the height as a function of lateral distance along the red lines in the images.
Samples were prepared by drop-casting AuNP solutions onto freshly cleaved mica. Scale bar = 100 nm.

zwitterionic polymers as PEG-alternative coatings to enable
storage and transport of therapeutically relevant nanomaterials.

As our previous work demonstrated a remarkable improve-
ment of polymer NP stability and biocompatibility upon cross-
linking,”® AuNPs with cross-linked polymer coatings (AuNP@
X-zPBYP) were prepared by adding a solution of EDCI in
nanopure water to a solution of AuUNP@zPBYP to mediate
amidation of the carboxylic and amine groups in the L-cysteine
side chains of zPBYP. The solution was allowed to stir
overnight before purification by centrifugal filtration with
nanopure water. By controlling the stoichiometry of EDCI (12
equiv relative to each polymer chain), ca. half of the reactive
functionalities of the polymer coatings were postulated to
undergo carbodiimide-mediated amidation to achieve a shell
cross-linking extent that has been demonstrated with improved
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in vivo blood retention of nanostructures.” The UV—vis
spectrum of AuNP@X-zPBYP showed a broadened and further
red-shifted absorption peak (528 nm) with respect to the un-
cross-linked AuNP formulations (Figure 2), attributed to a
certain degree of inter-NP cross-linking to yield larger NPs.
Yet, no discernible precipitation was observed from the
solution of AuUNP@X-zPBYP at 4 °C for over three weeks.
Evaluation of AuNP Formulations by Microscopy and
Light Scattering. The sizes of the coated AuNPs were
assessed by TEM, DLS, and AFM to obtain complementary
information from nanoscale solid-state imaging and in-
suspension analysis. As depicted in Figure 3, TEM images of
AuNP@citrate, AuUNP@zPBYP, AuNP@PEG, and AuNP@X-
zPBYP suspensions showed circular shapes with narrow size
distributions and average diameters (D,,) of 4.2 + 0.6, 3.9 +
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Figure 5. Degradation kinetics of (a) zPBYP in D,0 at 37 °C, evaluated by *'P NMR spectroscopy and (b) AuNP@zPBYP, evaluated by UV—vis

spectroscopy.

0.7, 41 + 0.6, and 4.0 + 0.6 nm, respectively, counting >50
NPs. Aggregation of NPs on the TEM grid was observed in the
AuNP@citrate sample (Figure 3a, left), which likely occurred
during sample preparation. In contrast, the increased spacing
between the Au cores observed for the AuNP@PEG and
AuNP@zPBYP samples is consistent with the larger polymer
coatings (Figures 3b,c left), which effectively inhibited
aggregation during sample drying on the TEM grid, further
attesting to the superior stabilization abilities by these polymer
coatings. TEM of the AuNP@X-zPBYP structures (Figure 3d)
revealed some aggregation, resulting from either inter-NP
cross-linking or aggregation upon drying due to the
consumption of hydrophilic zwitterionic moieties during the
cross-linking reaction. DLS analyses (Figure 3) revealed
unimodal size distributions of all NP samples, indicative of
the uniformity of these coating procedures. The number-
average hydrodynamic diameter (Dy(pymper)) Of the AuNP@
citrate nanostructure was determined to be 5 + 1 nm. After
coating with zPBYP or TA-PEG-OMe, the Dy (yymber) Of the
NPs increased to 10 + 3 and 9 + 2 nm, respectively. The
similar hydrodynamic diameters of the NPs validate the
comparability between the zPBYP and PEG coatings. No
significant increase was observed in the Dy (yymper) Of AUNP@X-
zPBYP, indicating that the desired intra-NP shell cross-linking
was dominant over inter-NP cross-linking.

AFM revealed globular structures from the AuNP@citrate,
AuNP@zPBYP, AuNP@PEG, and AuNP@X-zPBYP samples
with similar average heights of 3.3 + 0.7, 3.6 + 0.9, 3.5 + 0.6,
and 3.4 + 0.8, respectively, counting >50 NPs (Figure 4).
Overall, the AFM-measured diameters were greater than the
TEM-measured diameters and the AFM-measured heights due
to tip effects. However, the larger diameters (ca. SO nm) of the
structures observed in the images of the AuNP@zPBYP,
AuNP@PEG, and AuNP@X-zPBYP samples relative to those
(ca. 25 nm) of the AuNP@citrate sample are attributed to the
spreading of the polymer coatings on the polar mica substrate.
Taken together, TEM, DLS, and AFM measurements indicate
the successful, uniform coating of AuNPs with citrate and
polymers, and these nanocomposites were further investigated
to evaluate their immunotoxicity and cytokine adsorption as a
function of coating composition in vitro.

Degradation Studies of zPBYP and AuNP@zPBYP.
Degradation kinetics of zZPBYP were monitored by *'P NMR
spectroscopy in D,O at 37 °C, acquiring spectra at
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predetermined times (Figure Sa and S8). These data showed
that after 2 d, hydrolysis of side chain and backbone units
proceeded to an extent of ca. 75% in nanopure water (pH S—
6). The formation of small-molecule products derived from the
side-chain moieties and monomeric repeat units of zPBYP was
confirmed by ESI-MS (Figure S9). After the degradation
extent reached ca. 90% by 6 d, as determined by *'P NMR
spectroscopy, the sample was dialyzed against nanopure water
to remove small molecule products and lyophilized. Analysis of
the material retained in the dialysis membranes indicated that
71 wt % of the polymer still existed as macromolecules after
immersion in D,O for 6 d.

Degradation of AuNPs with different coatings was also
evaluated at 37 °C by monitoring changes in the SPR peak by
UV—vis spectroscopy. From 0 h to 14 d, the SPR peak of the
AuNP@citrate, AuNP@PEG, and AuNP@X-zPBYP did not
change appreciably (Figure S10), indicating the relative
stability of these NPs. In comparison, the SPR peak of
AuNP@zPBYP broadened slightly after 2 d, presumably due to
degradation of the un-cross-linked zPBYP coating. Continued
monitoring of the un-cross-linked AuNP@zPBYP from 4 to 14
d showed the SPR peak to broaden further and red-shift
significantly, indicating aggregation of the NPs (Figure Sb).
Small amounts of precipitate were observed after 14 d. These
results demonstrate both the degradability of the zPBYP
coatings and the effectiveness of shell cross-linking to increase
stability. The degradable coatings are expected to be
particularly appealing in biomedical contexts by alleviating
safety concerns associated with long-term accumulation of
nondegradable macromolecular materials.

Evaluation of Immunotoxicity and Anti-Biofouling
Properties of Coated AuNP Formulations. The immuno-
toxicity of the AuNP formulations was evaluated by incubating
RAW 264.7 mouse macrophages with various formulations for
24 h, followed by measuring the expression levels of 23
cytokines using a previously established multiplexing assay.*®
The in vitro immunotoxicity was evaluated in terms of
cytokine overexpression by cells exposed to NP formulations
relative to that in those not exposed to NPs, indicative of the
level of inflammatory immune response. No significant
overexpression of any of the 23 tested cytokines was observed
in the presence of all four AuNP formulations relative to the
control (data not shown). These results demonstrated the low
immunotoxicity of the coated AuNPs, suggesting the
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biocompatibility of these zZPBYP coatings and supporting their
viability as alternative coating materials to PEG.

Adsorption of cytokines onto AuNPs was calculated on the
basis of apparent concentration of cytokines measured after
incubation with NPs and subsequent rinsing steps to remove
unadsorbed cytokines as compared to their concentrations in
samples subject to the same procedures without NPs. The two-
dimensional heatmap (values normalized to the control levels)
in Figure 6 shows the results of cytokine adsorption assay,
where red squares indicate lower cytokine adsorption in
heatmap (i.e., from red to green, adsorption becomes higher).
Notably, the AuNP@zPBYP formulations exhibited the lowest
cytokine adsorption out of all the NP formulations, while
reduced adsorption was also measured for AuNP@PEG
compared to AuNP@citrate which displayed significant
cytokine adsorption. While the cross-linked formulations
demonstrated low immunotoxicity and higher stability, they
exhibited higher cytokine adsorption compared to their un-
cross-linked counterparts probably due to the presence of
larger NPs as well as the consumption of charged moieties
upon cross-linking, rendering the particles more hydrophobic
and attractive to biomolecules. Future optimization of AuNP@
X-zPBYP constructs will involve lowering the cross-linking
degree to achieve a balance between NP stability and reduced
cytokine adsorption.

4. CONCLUSIONS

The zwitterionic PPE, zPBYP, was designed and synthesized to
afford a promising alternative to PEG as an AuNP coating
material offering hydrolytic degradability, favorable immuno-
toxicity, and antifouling properties. Organocatalyzed ROP of
the cyclic phosphotriester monomer BYP with 3-azidopropanol
as the initiator yielded the alkyne-functionalized PPE with a
monomodal molar mass distribution. Functionalization of the
alkynes in the side chains of the polymer with L-cysteine via
thiol—yne click reactions yielded zPPEs. Despite minor
degradation of the polymer during purification by dialysis,
the installation of large amounts of zwitterions in the side
chains yielded highly hydrophilic polymers, which were coated
successfully onto AuNPs through multivalent interactions
between the thioether, carboxylic acid/carboxylate, and
amine/ammonium groups of the polymer side chains and
the Au surface of the NPs. AuNP@citrate was synthesized by
addition of NaBH, to a solution of HAuCl, and sodium citrate.
Then AuNP@zPBYP and AuNP@PEG were prepared by
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coating the polymers onto AuNP@citrate, followed by cross-
linking of AuUNP@zPBYP cysteines to form AuNP@X-zPBYP.
Morphological analysis of the coated AuNPs revealed similarly
sized cores of ca. 4 nm and increased hydrodynamic diameters
of the polymer-coated AuNPs relative to the citrate-coated
AuNPs. Degradation studies indicated hydrolysis of side chain
and backbone units proceeded to an extent of ca. 75% over 2 d
in nanopure water (pH 5—6) together with broadening and
red-shifting of the SPR peak of AuNP@zPBYP over time. The
coated NPs exhibited negligible immunotoxicity, as demon-
strated by incubating RAW 264.7 mouse macrophages with the
four AuNP formulations followed by measuring the levels of 23
cytokines relative to those in cells incubated without NPs.
Cytokine adsorption studies showed that AuNP@zPBYP had
the best antifouling performance. While the cross-linked
AuNP@X-zPBYP nanostructures showed higher cytokine
adsorption compared to their un-cross-linked counterparts,
the low immunotoxicity of these materials suggests the
biocompatibility of the cross-linking strategy. Future opti-
mization of cross-linking degree will be conducted to balance
NP stability and antifouling properties.
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