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Release
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You?4, Vincent A. Hackley!”, and Michael R. Zachariah?4"

IMaterials Measurement Science Division, National Institute of Standards and Technology,
Gaithersburg, MD

2University of Maryland, College Park, MD
SNational Tsing Hua University, Hsinchu City, Taiwan

4Chemical Sciences Division, National Institute of Standards and Technology, Gaithersburg, MD

Abstract

Cisplatin-complexed gold nanoparticles (Pt''-AuNP) provide a promising strategy for chemo-
radiation based anticancer drugs. Effective design of such platforms necessitates reliable
assessment of surface engineering on a quantitative basis, and its influence on drug payload,
stability and release. In this paper, polyethylene glycol (PEG) stabilized Pt'-AuNP was
synthesized as a model anti-tumor drug platform, where Pt!! is attached via a carboxy! terminated
dendron ligand. Surface modification by PEG and its influence on drug loading, colloidal stability
and drug release were assessed. Complexation with Pt!! significantly degrades colloidal stability of
the conjugate; however, PEGylation provides substantial improvement of stability in conjunction
with an insignificant trade-off in drug loading capacity compared with the non-PEGylated control
(< 20 % decrease in loading capacity). In this context, the effect of varying PEG concentration and
molar mass was investigated. On a quantitative basis, the extent of PEGylation was characterized
and its influence on dispersion stability and drug load was examined using electrospray differential
mobility analysis (ES-DMA) hyphenated with inductively coupled plasma mass spectrometry
(ICP-MS) and compared with attenuated total reflectance - FTIR. Using ES-DMA-ICP-MS, AuNP
conjugates were size-classified based on their electrical mobility, while Pt! loading was
simultaneously quantified by determination of Pt mass. Colloidal stability was quantitatively
evaluated in biologically relevant media. Finally, the pH-dependent Pt!! release performance was
evaluated. We observed 9 % and 16 % Pt!! release at drug loadings of 0.5 Pt!//nm2 and 1.9 Pt!l/
nm2, respectively. The relative molar mass of PEG had no significant influence on Pt'! uptake or
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release performance, while PEGylation substantially improved the colloidal stability of the
conjugate. Notably, the Pt!! release over 10 days (examined at 0.5 Pt!//nm? drug loading) remained
constant for non-PEGylated, 1K-PEGylated and 5K-PEGylated conjugates.

TOC

Effect of PEGylation?
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|- Dendron L) - SH-PEG @ - cis-PtY

Introduction

Since its discovery as an antitumor agent, cisplatin or cis-diamminedichloroplatinum(11)
(abbreviated herein as Pt'!), has been applied in the treatment of various solid tumors (e.g.,
ovarian and testicular cancer, germ cell tumors, and non-small-cell carcinoma) with a cure
rate as high as 90 % for testicular cancer. [1-5] When entering tumor cells, the active Pt!!
drug reacts with DNA to form adducts, inhibits its replication and triggers apoptosis
(programmed cell death). The synergistic combination of Pt!! and ionizing radiation induces
additional damage to DNA, and degrades cell viability through formation of toxic Pt
intermediates and inhibition of the DNA repair process [#].

However, clinical use of Pt! is limited by severe side effects and poor patient compliance.
[7] Indiscriminate uptake of the drug into both normal and cancerous tissue, coupled with
rapid clearance and excretion through the kidney, limits the achievable dose delivered to
tumor cells.[8] Despite these issues, cisplatin continues to serve as a first-line chemotherapy
against specific malignancies and has been described as the “gold standard” treatment for
cervical cancer. [ 10]

In this context, nanoparticle (NP)-based drug delivery systems are a promising approach to
improve targeting and enable high delivered doses, while minimizing the toxic side-effects
to healthy tissue.[*1: 12] Use of NP delivery platforms may enhance the accumulation of the
drug in tumors, minimizing either kidney excretion or uptake by healthy cells, via the well-
documented enhanced permeation and retention (EPR) effect.[13: 14] In other words, by
attaching the drug to NPs, the physicochemical properties of the resulting complex are
changed, leading to altered pharmacokinetics and biodistribution profiles. NPs can also be
engineered through interfacial chemistry to serve multiple functions in addition to drug
delivery (e.g., active and passive targeting, avoidance of the reticuloendothelial system,
reduced interaction with plasma proteins, imaging of localized drug delivery. [15-19]

For instance, AuNPs have been used as a platform for drug delivery, due in part to their
biocompatibility, facile synthesis and functionalization, and physico-chemical stability.
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[20-22] Cytotoxicity in both lung epithelial and colon cancer cell lines, and an unusual ability
to penetrate the cell nucleus, have been demonstrated when the chemotherapy drug
oxaliplatin (another member of the class of Pt-containing anti-tumor drugs) is complexed
with AuNPs.[23] Additionally, AuNPs complexed with Pt-based therapeutics may provide an
enhanced radiation therapeutic effect.[24-25] Lee et al. demonstrated Auger electron
emissions from Pt!l-AuNP complexes triggered by external ionizing radiation, suggesting its
potential as an X-ray absorbing adjuvant agent for chemo-radiation cancer therapy. [2]

Although the Pt''-complexed AuNP vector provides a promising strategy for the use of
targeted drug delivery in cancer treatment, one challenge is to engineer this platform on a
quantitative basis to achieve optimal therapeutic performance.[2’] In terms of efficacy, both
drug loading and the stability of the drug complex (i.e., colloidal stability and the stability of
active drug under different conditions) are of central importance. An optimal design should
afford rational control facilitated by an understanding of the underlying surface properties in
order to achieve the desired outcome. To support a guality by design approach, it is also
necessary to have measurement tools required to accurately assess the critical physical and
chemical quality attributes of the nano-drug complex, as well to quantify drug uptake and
release. This paper describes and demonstrates such a strategy based principally on coupling
of an aerosol-based ion mobility technique with plasma-based mass spectrometry. As we
will show, this strategy provides critical information and insight regarding the efficacy of
surface engineering in the tested system.

In the current study, we chose as our test bed a functional dendron structure, designated SH-
G1-COOH (inset in Figure 1), which in our previous study exhibited the maximum available
surface binding sites, but also the poorest colloidal stability. [2/] The AuNP surface was
modified with polyethyleneglycol (PEG) for the purpose of improving colloidal stability
through additional steric hindrance. In addition, PEGylation has been shown to enhance
biocompatibility and delay clearance, [28-39] though quantifying these effects was beyond
the scope of this study. The present work investigates the effect of surface PEGylation on
colloidal stability, drug loading and release performance using the test bed formulation.

An electrospray differential mobility analyzer hyphenated with inductively coupled plasma
mass spectrometry (ES-DMA-ICP-MS) or a condensation particle counter (CPC), as
described in a previous publication, [31] was used in the present study on a quantitative basis
to systematically evaluate: (1) the relationship between loading of Pt!! and colloidal stability
in relevant (proxy) test media such as phosphate buffered saline (PBS) and Dulbecco's
modified Eagle’s medium (DMEM); (2) the effect of PEGylation (packing density and
relative molar mass) on colloidal stability and Pt!! loading capacity; and (3) pH-dependent
release performance of Pt!! from the AuNP-dendron delivery platform and the consequent
influence of PEGylation. Additionally, attenuated total reflectance - FT infrared (ATR-
FTIR) spectroscopy was employed to assess PEG bonding onto the AuNPs.
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Experimental

Materials

Methods

Citrate stabilized gold colloid (10 nm nominal particle diameter) was obtained from Ted
Pella, Inc. (Redding, CA) and produced by BBI Solutions (Cardiff, UK)." Thiolated
polyethylene glycol (SH-PEG, 1, 5 and 10 kDa) was purchased from Nanocs Inc. (New
York, NY). Cis-diamminedichloroplatinum (I1) (trade name Platinol; formula cis-
PtCl>(NH3),) and silver nitrate (AgNOs3, 99 %) were purchased from Sigma-Aldrich (St.
Louis, MO). Sodium hydroxide (NaOH, pellets, 99 %) was obtained from Mallincrodt
Chemicals (Phillipsburg, NJ). Phosphate buffered saline (PBS10x) and Dulbecco’s modified
Eagle’s medium (DMEM) were obtained from HyClone (Logan, UT). The composition of
pH 5 buffer used for release experiment contains 137 mmol/L of NaCl, 2.7 mmol/L KClI,
3.48 mmol/L of HAc and 8.32 mmol/L NaOAc to better match the electrolyte content of
PBS.

All chemicals were used as received without further purification. Deionized (DI) water (18.2
MQ-cm) was provided by an Aqua Solutions (Jasper, GA) biological grade water
purification system.

Pt Preparation—The activated Pt(I) moiety for complexation, cis-[Pt!'(NH3)2(H,0),]
(NOg),, was prepared by modification of a procedure reported in the literature, as follows:
[32] An aqueous solution of AgNO3 (16.9 mg, 0.1 mmol) in water (2.5 mL) was added drop-
wise to cisplatin (15 mg, 0.05 mmol) in DI water (2.5 mL) and stirred in the dark for 1 h at
50 °C. A white precipitate (AgCl) was removed by filtration and the filtrate of the activated
cisplatin (with CI~ displaced by the more labile NO3™) was used for complexation with
surface modified AuNPs diluted as needed (in this work, Pt'! always refers to the activated
form of cisplatin). The dendron was synthesized using a previously described method.[33]
Among the different structural forms of dendrons, we selected SH-G1-COOH because it
yielded the highest loading capacity for cisplatin (Pt!"). G1 expresses a branched structure
analogous to a 1%t generation dendrimer terminated with three COOH groups. SH-G1-
COOH has a wedge-shaped branching structure as shown in Figure 1. The COOH groups
provide complexing sites for Pt'!, and the thiol group provides covalent bonding to the AUNP
surface. To activate (deprotonate) the carboxylate group, the dendron (5 mmol/L) was
dissolved in NaOH (15 mmol/L) to obtain the maximum carboxylate population.

Conjugation of AuNP-(dendron) and AuNP-(dendron)-(SH-PEG)—As illustrated
in Figure 1 the initial AUNP-(dendron) conjugate and the modified conjugate AUNP-
(dendron)-(SH-PEG) were used for comparison. Carboxylate terminated dendron (5
mmol/L) was added drop-wise to a AuNP suspension (57.6 pg/mL) in a 1-to-10 volume
ratio, and stirred for 5 h at room temperature. The resulting product (designated as AuUNP-

*The identification of any commercial product or trade name does not imply endorsement or recommendation by the National Institute
of Standards and Technology.
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(dendron)) was purified by centrifugal filtration using a 100 kDa regenerated cellulose
membrane, at 4000 rpm for 5 mins.

A series of AuUNP-(dendron)-(SH-PEG) samples were prepared by drop-wise addition of 1
part by volume of an aqueous solution containing (1, 5 or 10) kDa SH-PEG at
concentrations of (0.1, 0.5, 1.0, and 5.0) mmol/L, to 11 parts by volume of purified AuNP-
dendron conjugate suspension with stirring at room temperature for 5 h. The resulting
products were designated as AUNP-(dendron)-(SH-PEG)-(50-1), AuNP-(dendron)-(SH-
PEG)-(10-1), AuNP-(dendron)-(SH-PEG)-(5-1), and AuNP-(dendron)-(SH-PEG)-(1-1),
where X-1 represents the molar ratio (X:1) of dendron to SH-PEG for the reaction. The
designation “xK” appended to the product name is shorthand for “x kDa” relative molar
mass of SH-PEG. The full naming scheme is, for example, AuNP-(dendron)-(SH-PEG5K)-
(50-1), for the 5 kDa PEGylated dendron ligated AuNPs with a 50:1 molar ratio of dendron
to SH-PEG in solution. For convenience, 5K is shorthand for SH-PEG5K in all the figures,
and similarly for 1K and 10K.

After reaction, the mixture was again purified by centrifugal filtration, at 4000 rpm for 5
min. As a control, citrate-stabilized AuNPs were conjugated with SH-PEG, and labeled as
AUNP-(SH-PEG)-(5mM) where 5 mmol/L SH-PEG solution was added drop-wise to AuNP
suspensions in a 1 to 11 volume ratio (final SH-PEG concentration in solution was 0.42
mmol/L)

Complexation with cisplatin—A solution of Pt!! was added drop-wise to either AUNP-
dendron suspension or PEGylated AuNP-(dendron) suspension (in a volumetric ratio of 1 to
10), and was then mildly shaken using a vortex mixer (VWR, Radnor, PA) at 400 rpm in the
dark for 2 h at room temperature. The final concentration of Pt!! for the reaction ranged from
0.6 umol/L to 34 pmol/L (of Pt to Au mass ratio 1:448 to 1:8). The AuNP-containing
suspension was modified to yield a pH of roughly 7 by addition of NaOH and then followed
by mixing with Pt!l. After complexation, any free (uncomplexed) Pt!! was removed by gently
spinning down the NPs in a microfuge at 14500 rpm and replacing the supernatant with DI
water. Actual spinning time may vary from 30 mins to more than 1 h depending the stability
and volume of the sample. The cleaning step was examined and optimized to ensure that free
Pt!' would not influence the Pt!! loading measurement. (Supplemental Information (SI)
Figure S1(a))

The effect of reaction time on Pt!! complexation was also examined (SI Figure S1(b)), based
on which a 2 h reaction time was deemed sufficient, as no significant increase in Pt!! loading
was observed over longer reaction times.

Cisplatin release—Uncomplexed Pt!! was first removed from samples using two rounds
of cleaning via centrifugation in a microfuge and supernatant replacement by DI water. Pt'!
release studies were carried out by ICP-MS measurement of free Pt!! at time points of (0, 2
and 10) day, after separating free (released) Pt!! from AuNP-bound Pt!! using centrifugal
filtration (3 kDa regenerated cellulose membrane). The total load of Pt!! on AuNPs was
obtained by ICP-MS measurement of digested cleaned Pt''-AuNP conjugates. The

Langmuir. Author manuscript; available in PMC 2019 January 09.
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percentage of Pt!! release at a specific time is defined as the ratio of free Pt!! to that of the
total Pt'!. Two buffers (PBS with a pH of 7.4 and pH 5 buffer) were used for release studies.

Measurements

ES-DMA-ICP-MS (CPC)—The schematic of the instrumentation as shown in Figure 2, is
composed of four major components: an ES device (Model 3480, TSI Inc., Shoreview, MN,
(a)—(b)) for aerosolizing nanoparticle suspensions, a DMA (Model 3085, TSI Inc., (c)) for
size classification based on electrical mobility, a gas-exchange device (GED (d)) to
exchange air (typical carrier gas for ES) to ICP-MS compatible argon, and an ICP-MS
(7700x and 7900x%, Agilent Technologies, Santa Clara, CA (e)) for element-specific mass
quantification, or a CPC (Model 3776, TSI Inc.) for number concentration measurement (not
shown in Figure 2). This configuration enables simultaneous size-resolved elemental-
composition or particle concentration measurement. ES-DMA was operated with a sheath
flow of 10 L/min (argon) and an aerosol flow of 1 L/min (air). Aerosol flow out of the DMA
is interfaced to the ICP-MS through the GED directly into the plasma (similar to a GC-MS
connection). Conductive silicone tubing (0.31” ID x 0.5” OD, TSI Inc., Shoreview, MN,
USA) is used to couple between devices (where ID and OD stands for inner diameter and
outer diameter, respectively). To make a direct measurement of particle counts as a function
of size the output of the DMA is coupled to the CPC (inlet flow of 1.5 L /min) to obtain a
number-weighted particle size distribution. A detailed description of the ES-DMA setup can
be found in the SI and elsewhere.[31] The ICP-MS was operated in time resolved acquisition
mode (TRA), with a dwell time of 0.5 s, to monitor signal intensity (/pycps) and /aycps) at a
fixed DMA voltage. The DMA was then stepped to another voltage representing a specific
mobility size so that an elemental characterization as a function of particle size could be
obtained. The Pt!! loading on a AuNP is defined as the number of Pt'! molecules per unit
surface area of a single particle. The ratio can be measured quantitatively by ICP-MS as: [¢7]

1
I Pt(cps)
O =a,, p, X s (1)
Pt Au=Pt IAu(cps) ><Mm,Au x SAuNP
Ncw XP Ay VAuNP

where /pyzps) and /aycps) represents the signal intensity of 195Pt and 197Au detected by ICP-
MS in counts per second (cps); Sauneand Va,npare the surface area and volume of a
single AuNP (in this case, these parameters are obtained from the DMA diameter a), and
assuming spherical geometry); My, 4,and p4, are the molar mass and density of Au, and
N, is Avogadro’s number; a 4,.2¢iS a calibration factor taking into account the relative
sensitivity of ICP-MS for 197 Au and 19Pt (see Sl Figure S2 (a)-(b)).

ATR-FTIR—ATR-FTIR spectra were collected on a Thermo Scientific Nicolet iS50
(Thermo Fisher Scientific, Waltham, MA) equipped with Pike horizontal ATR (HATR) ZnSe
45° crystal (Pike Technologies, Madison, WI). Three samples, AuNP-(dendron), AuNP-
(dendron)-(PEG5K)-(5-1) and AuNP-PEG5K, were purified by centrifugal filtration,
dropcast onto the crystal, and dried prior to examination. Spectra presented were collected
over 250 scans at 2.0 cm™1 resolution.

Langmuir. Author manuscript; available in PMC 2019 January 09.
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Results and Discussion

Molecular conjugation of dendron and SH-PEG on AuNPs

SH-PEG with three molar masses (1 kDa, 5 kDa and 10 kDa) were examined. Figure 3(a)
shows the corresponding particle size distributions (PSDs) measured for AuNPs, their
dendron conjugates and the product after reaction with SH-PEG5K. The PSDs for the 1 kDa
and 10 kDa SH-PEG conjugation to AuNP-dendron are shown in SI Figure S3(a)—(b). The
corresponding hydrodynamic size measured by DLS is provided in SI Table S1. For clarity,
the number densities shown in Figure 3(a) are normalized to unity. As shown in Figure 3(a),
the citrate-stabilized AuNPs (after centrifugal cleaning) have a size distribution centered at
11.4 nm prior to conjugation. Upon conjugation with the dendron, the peak size increases to
12.4 nm; the difference representing the dried dendron corona. After subsequent reaction
with increasing concentrations of SH-PEG5K, from (0.1 to 5) mmol/L, the peak size
continually increases from 14.8 nm to 15.6 nm; this increase is indicative of SH-PEG5K
uptake onto the AuNP surface. The width of the size distribution, as determined from the
peak-width at half-maximum, does not significantly change with conjugation (from 1.7 nm
for citrate stabilized AuNPs to 1.8 nm for AuNP-(dendron)-(SH-PEG5K)), implying that
conjugation does not alter the effective PSD shape or width (i.e., it does not induce
significant agglomeration).

The peak size in Figure 3(a) reaches a plateau value of 15.6 nm with increasing
concentration of SH-PEG, yet is clearly smaller than the peak size (20.8 nm) obtained for
AUNP-(SH-PEG5K) formed in the absence of the dendron. This clearly shows that the
dendron partially inhibits adsorption of SH-PEG5K. Similar results were obtained for the 1
kDa and 10 kDa PEG. Note that the small DMA peaks situated below 10 nm are attributed
to the nonvolatile remnants generated by the electrospray,[34] and in our case these remnants
are negligibly small due to the previously described cleaning steps.

ATR-FTIR spectra, shown in Figure 3(b), were recorded for AUNP-(dendron) and AuNP-
(SH-PEG5K). The ATR-FTIR spectrum of the target species AUNP-(dendron)-(SH-PEG5K)
was then compared with that of both AuNP-(dendron) and AuNP-(SH-PEG5K) in order to
monitor the presence and relative quantity of each ligand. Each spectrum was normalized to
the highest peak intensity for clarity. As shown in Figure 3(b), the AuNP-(dendron) exhibits
a distinct peak at 1570 cm™1 designated as the anti-symmetric stretching for COO™ from the
carboxy! group of the dendron, and similarly the absorbance at 1410 cm™ corresponds to
the symmetric stretch for COO™. The small peak at 1710 cm™1 is assigned to C=0 stretching
(again associated with the dendron).[3°] On the other hand, for AUNP-(SH-PEG5K), the
peak at 1110 cm™1 is characteristic of C-O stretching in the SH-PEG5K structure.[39]
Comparing the measured absorbance for AuNP-(dendron)-(SH-PEG5K), where SH-PEG5K
was added post-dendron conjugation, the characteristic peaks for both dendron and SH-
PEG5K appear, confirming the presence of both ligands. The physical measurement of PSDs
using DMA combined with the ATR-FTIR spectroscopic results confirm that SH-PEG5K
binds to the AuNP-(dendron) conjugate, and suggests that this reaction occurs without
substantial displacement of the bound dendron. It should be emphasized that SH-PEG is a
potential competitive binding ligand capable of displacing other ligands, but in this case the

Langmuir. Author manuscript; available in PMC 2019 January 09.
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dendron-Au bond appears sufficiently stable to resist displacement and block some potential
adsorption sites for SH-PEG.

To better understand the adsorption, and to examine dendron binding and possible steric
hindrance due to SH-PEG, we quantify the extent of SH-PEG adsorption on the dendron
conjugated AuNP using a refined two-layer geometric model. Prior work has demonstrated
the capacity to quantify ligand surface packing density based on careful PSD measurements
using ES-DMA.[37] The general concept of this analysis is that by assuming a random coil
configuration for the linear SH-PEG molecule, the surface coverage of SH-PEG is obtained
from the increase in cross-sectional area obtained via DMA. In the present study, we refine
the core-shell model used previously to account for two ligand layers, as the contributions to
particle size from either ligand cannot be neglected (Figure 4(a)).

In the two-layer model, the net contribution of SH-PEG to the increase of cross-sectional
area was obtained by subtracting the cross-section increase due to the dendron from the total
increase. The cross-sectional area of the SH-PEG corona is a function of particle diameter,
and therefore the packing density (o in unit of molecules/nm?) of SH-PEG can be correlated
with changes in particle diameter. [34:38] :

2.2

2
[(dpAu—dendron + AdpAu—dendron) - dpAu—dendron ]
o= : e
]

[zndpbare Au < x2 >

where <x2>05 js the random walk radius, the calculated value of which is 3.7 nm [38]for SH-
PEGS5K under a dried aerosol condition. The random walk radius for 1K and 10K could be
calculated similarly using equations from previous work (i.e., 1.7 nm and 5.2 nm,
respectively). [38]The surface packing density of SH-PEG was examined as a function of
molar mass and SH-PEG concentration.

Figure 4(b) shows the adsorption isotherm derived for the surface packing density of SH-
PEG onto AuNP-dendron conjugates versus PEG relative molar mass. With the increase of
SH-PEG concentration, the packing density of SH-PEG increases and then plateaus. The
plateau surface density, when dendron is pre-attached to the surface, is 0.003 molecules/nm?,
0.008 molecules/nm? and 0.003 molecules/nm?, for SH-PEG1K, SH-PEG5K and SH-
PEG10K, respectively (Conversion to molecules per AuNP in S, Table S2). The saturated
packing density of SH-PEG was compared with the surface coverage of the dendron
molecule. Using the same conjugation method, Cho et a/. [33] reported a packing density for
dendron (i.e., SH-G1-COOH) by x-ray photoelectron spectroscopy (XPS) of 0.76 relative to
mercaptoundecanoic acid (MUA). Ivanov et al. [39] reported that the absolute packing
density of MUA on a roughly 12 nm diameter AuNP surface was 4.97 molecules/nm?
determined by XPS. Therefore, the estimated packing density for the dendron was ~ 3.8
molecules/nmZ2. In comparison, the saturated molecular packing density of SH-PEG
accounted for < 0.2 % relative to the dendrons, (0.08 %, 0.2 % and 0.08 % for SH-PEG1K,
SH-PEG5K and SH-PEG10K, respectively, in ratio to dendron). The surface is therefore
covered primarily by dendrons, with a relatively small presence of SH-PEG on a number
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basis. The saturated molecular packing density by number is independent of PEG relative
molar mass in this case. This independence indicates the limiting factor for PEG adsorption
is the amount of dendron present. As shown below, a very different result is obtained when
SH-PEG is conjugated directly to the citrate-stabilized AuNPs without the dendron corona
present. By comparison, in terms of molar mass, the saturated packing density of PEG-1K,
5K, and 10K is 0.2 %, 3 % and 2.3 %, respectively, relative to that of dendron.

For comparison, 0.42 mmol/L of SH-PEG was added to citrate-stabilized AuNPs. At this
concentration, the surface packing of SH-PEG reached saturation levels on the AuNP-
dendron surface at < 0.008 molecules/nm?, as indicated by the adsorption isotherms in
Figure 4(b). By contrast, the resulting SH-PEG packing density on citrate-stabilized AuNPs,
as shown in Figure 4(c), is ~ 0.12 molecules/nm?2, 0.08 molecules/nm? and 0.02
molecules/nm?, for SH-PEG1K, SH-PEG5K and SH-PEG10K, respectively. The latter
packing densities exceed those for AUNP-(dendron)-(SH-PEG1K, 5K, and 10K) conjugates
by an order of magnitude. The sharp decrease in packing density with respect to an increase
of SH-PEG molar mass on citrate-stabilized AuNPs is attributed to intermolecular steric
hindrance between the SH-PEG molecules when more closely packed on the surface. Note
that the higher relative molar mass of SH-PEG10K yields a higher occupied area per
molecule on the AuNP surface, and therefore a lower molecular packing density.

We may conclude for this part of the study that the principal limiting factor for uptake of
SH-PEG by the AuNP-dendron conjugate is the availability of bonding sites or open surface
(due to pre-attached dendron) and apparently not a result of steric hindrance, which would
increase with molar mass of SH-PEG.

Binding of cisplatin to surface engineered AuNPs

In the next phase of this investigation, we evaluate the effects of Pt!! complexation on
conjugated AuNPs and, conversely, the effects of surface engineering on Pt!! complexation.
Figure 5(a) shows the element-mass weighted particle size distribution for Pt!' complexed
AuNPs obtained by ES-DMA-ICP-MS. Before analysis, free Pt!! was removed from the Pt!!-
AUNP-(dendron)- (with or without SH-PEG) suspension by centrifugation. In this case we
can simultaneously track signal intensity for 197Au and 9Pt (/e gps) and /ay(eps)) as @
function of the mobility diameter, dj, (determined solely by the voltage applied to the DMA).
Note that the signal intensity for 1%7Au is significantly higher than that forl95Pt, however the
two curves are clearly superimposed and indicate sufficient signal-to-noise for characterizing
size classified particles. These results also confirm that Pt is associated with the AuNPs and
not free in solution. From this result, the average Pt'! loading on AuNP-(dendron) conjugates
can be determined using equation (1).

Exploiting the capacity to quantify Pt'! loading on AuNPs, we examine the effect of Pt!!
solution concentration. As shown in Figure 5(b), the loading of Pt!! (o5//) increased
gradually with respect to increased Pt!! concentration during complex formation, and
plateaued at ~ 3 Pt molecules/nm?, indicating that Pt!! has reached a saturation level under
the conditions studied (Pt!! loading in molecules/nm? as well as in molecules/AuNP were
summarized in SI, Table S2). Since surface coverage of the dendron is ~ 3.8 molecules/nm?
and each dendron molecule contains three carboxylate groups, this yields ~ 11 Pt'"/nm? of
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available complexing sites. The saturated Pt!! loading of ~ 3 Pt!//nm? suggests formation of
some bidentate complexes.[26]

Next, we address the quantitative effect of SH-PEG surface packing (osy.peg and relative
molar mass of SH-PEG) on Pt!! loading. Figure 5(c) shows how the Pt!! loading changes
with respect to the SH-PEG5K packing density (osy.peg), While fixing the available Pt!!
complexation sites. In this case, Pt!! loading is relatively insensitive to the packing density
SH-PEG5K - ranging from (0 to 0.008) molecules/nm? — on AuNP-(dendron)-(SH-PEG5K).
With PEGylation, the loading capacity decreased by less than 20 %. Considering that SH-
PEGS5K binding density on the AuNP-(dendron) surface amounts to less than 0.2 % by
number of the total dendron present, the available binding sites (COO™) for AuNP-dendron
and AuNP-(dendron)-(SH-PEG5K) should be roughly equivalent. Similarly, there is a very
mild effect of SH-PEG molar mass (1K, 5K and 10K in this case) on Pt!! loading (see Figure
5(d)). For samples susceptible to agglomerate formation during the centrifugal cleaning
process, op/! was reported from agglomerates since op// was previously demonstrated to be
independent of agglomeration states.[2]

In combination with the quantification of dendron and SH-PEG obtained in Figure 4 and
Figure 5, we conclude that attachment of SH-PEG does not significantly degrade the loading
capacity for the active drug. This insensitivity is likely due to the low PEG adsorption
density observed. Additionally, the smaller, more mobile Pt!! is able to access available
carboxyl sites that are essentially shadowed, but not blocked, by the larger hydrophilic PEG
that extends out from the surface. Similarly, the molar mass effect on Pt!! uptake is weak,
since the number of binding sites per PEG remains constant, and larger polymers simply
extend further out from the surface where Pt!! binding is not effected. In fact, there is a slight
increase observed in Pt!! loading with increasing PEG molar mass. What remains to be
determined is the effect of SH-PEG on colloidal stability of the Pt!! complexed conjugate.

Colloidal stability (by ES-DMA-ICP-MS)

Previous work has shown that complexation of Pt'! itself leads to colloidal destabilization of
the conjugate due to electrostatic interactions between the anionic carboxylates and the
positively charged Pt!'.[27] The principal motivation for PEGylation is to counteract that
effect. Here we investigate the efficacy of PEGylation to preserve stability in biologically
relevant media. ES-DMA has the capacity to quantify nanoparticle agglomeration Kinetics.
[49] The high sensitivity of ICP-MS as a detector enables sensitivity for low-order AUNP
agglomerates at very low concentrations and should also be useful in tracking agglomeration
in complex media (in this case, DMEM and PBS solution), as the element-specific detection
enables direct identification of the agglomeration component (whereas CPC is nonspecific
with respect to detection).

The raw spectrum obtained by ES-DMA-ICP-MS is a mobility size-resolved intensity

(197 Au) distribution (as shown in SI Figure S5). Each distinguishable peak is assigned to an
oligomer state based on mobility size:[*1] monomer, dimer, trimer, tetramer, etc. The ICP-
MS intensity /4,, , for oligomer ris related to the oligomer mass through an appropriate
calibration factor. For a single oligomer, the mass of 7~mer (an oligomer consisting of n
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primary particles) is n7times the mass of a primary AuNP. Therefore, the number of oligomer
particles is related to the 197 Au intensity as follows:

1
Au,n
Nn = I/IXT, (3)

where ¥ represents a function that includes the sensitivity factor for 197Au, a 4, and the
density and volume of a primary size AUNP, pa,and Vg, (ie., ¥="F(aay paw Vad) Ny
represents the number of nanoparticle agglomerates containing 7 primary particles. It should
be noted that for a given set of experimental conditions, ¥'is a constant and not a function of
the oligomer state.

In order to investigate the colloidal stability of nanoparticles, we utilize the degree of
agglomeration (DA). The degree of agglomeration is defined here as follows: [*0]

2N,

PA=T N, @

Combining with equation (4), DA is expressed as:

_ ZnIAu,n

DA 7
Au,n
PP

®)

Therefore, DA represents the average number of particles per agglomerate and will increase
from unity with respect to time for an unstable system. Considering the resolving power of
ES-DMA-ICP-MS to distinguish oligomers, the present analysis is limited to tetramers, and
therefore the maximum DA in this study is four.

Figure 6(a) quantifies the effect of added Pt'! on DA versus reaction time, ¢ for various Pt!!
concentrations. At low Pt!! concentrations (Cp// = 1.1 pmol/L and 5.7 pmol/L) and for
reaction times as long as 12.5 days, DA remains close to unity, demonstrating that the
monomer specie is dominant in solution and the conjugate is colloidally stable before
mixing with Pt!": therefore, DA=1 is assumed for t=0 (0 h stands for the point immediately
after adding Pt'"). With an increase in Pt!! concentration to 11.4 umol/L, a gradual increase
in agglomeration with respect to time was observed. At Pt!! concentrations as high as 34.1
umol/L, DA approaches ~ 3.0 in less than 4 h, indicating a substantial increase in
agglomeration kinetics. We attribute the reduced stability at higher cisplatin loadings to an
increase in neutralization of carboxylate groups resulting in weaker charge stabilization.
Steric interactions due to the dendron corona are apparently insufficient to provide stability
at high Pt!! loading.

Figure 6(b) characterizes the effect of PEGylation on colloidal stability at a fixed Pt!!
concentration (Cp/! = 11.4 umol/L). We examined PEG with three relative molar masses (1
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kDa, 5 kDa and 10 kDa). Since no significant influence of SH-PEG packing density on Pt'!
loading was observed, we chose to investigate the highest SH-PEG packing density for each
relative molar mass. In comparison to the Pt!!-Au-dendron complexes, where DA increased
gradually to roughly 3 within one day, the PEGylated Au-(dendron)-(SH-PEG1K), Au-
(dendron)-(SH-PEG5K) and Au-(dendron)-(SH-PEG10K) remained close to unity for up to
24 d. This result unequivocally confirms that PEGylation imparts stabilization to otherwise
unstable highly loaded Pt!' complexed AuNPs. The effect was independent of SH-PEG
relative molar mass. Similar colloidal stability has been reported for AuNPs where Pt!! was
conjugated indirectly through a linker molecule.[*2]While UV and DLS were used to assess
stability in this previous work, in the present study DMA-ICP-MS shows a clear advantage
for quantifying the degree of agglomeration.

Colloidal stability in biologically relevant media (PBS and DMEM) was also examined. The
AuNP-dendron complexed with Pt!! precipitated immediately (visually evident) when in
contact with either PBS or DMEM buffer. However PEGylated samples exhibited visibly
improved stability with a DA less than ~ 1.5 over a period of two days. Since electrostatic
induced stability is generally screened at biological saline levels, the enhanced dispersion
stability can be attributed to steric interactions provided by the hydrophilic PEG chains
attached to the surface. Although SH-PEG uses less than 2 % of dendron surface coverage, it
is sufficient to provide obvious enhancement of dispersion stability for the Pt'l-AuNP
platform, either in water or more complex biological media, with an insignificant trade-off in
drug loading.

Cisplatin Release Performance

Nanoparticles were incubated at pH 5 mimicking the acidic pH of the endolysosomal
compartment of a tumor, and it is close to the pK, for organic carboxylic acid groups
(around pH 4.5). PBS was selected as a control to mimic pH conditions during blood
circulation (pH 7.4), where Pt!! release should be minimal. In PBS (Figure (a)), the Pt!!-
AuNP platforms examined in this study showed essentially no release of Pt!!, while at pH 5
(Figure 7 (b)), a clear preferential release relative to PBS was observed.

As an example, at day 10, AuNP-(dendron)-(SH-PEG5K)-high Pt!! exhibited a 10-fold
increase in Pt!! release at pH 5 compared with PBS. Under acidic conditions, a release burst
occurred within 2 d, followed by a slow release between (2 and 10) d. Notably, PEG relative
molar mass (1 kDa and 5 kDa) showed no significant influence on Pt!! release performance.
Overall, release performance is limited, but by increasing Pt!! loading (high Pt!' compared
with the average of the three low concentrations shown in Figure 7), the release percentage
increases approximately 2-fold (9 % to 16 %); this increased loading would not be
achievable without PEG modification of the surface. The absolute amount of Pt!! release was
about 6x greater for high Pt!! loading compared with that of low Pt!! loading. It should be
noted that in the published literature, the plateau percentage of Pt!! released ranges between
10 % and 100 % for carboxylated ligands (on a time scale < 10 d).[26: 43-46] The present
results clearly fall within this range, but toward the lower end. The stability of the
dicarboxylate complex with Pt!! [46] provides an opportunity to surface engineer further
improvements in the release performance in conjunction with the demonstrated
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improvements in stability due to PEG; however, this was beyond the scope of the present
study.

Summary and Conclusions

In this study, we built upon previous efforts that established the capacity for a novel
hyphenated technique, ES-DMA-ICP-MS, to examine, on a quantitative basis, the effects of
surface engineering on drug loading and colloidal stability for a model nanoscale anti-tumor
drug delivery platform. The model platform consisted of cisplatin (Pt!") complexed to a
carboxylate-terminated dendron tethered covalently by thiols to the surface of nominally 10
nm diameter AuNPs. In the present study, we extended this foundational work to analyze a
more complex system containing multiple ligands (SH-PEG and thiolated carboxyl-
terminated dendron). We quantified the effects of SH-PEG molar mass and concentration on
Pt!! surface loading, and the impact of the dendron ligand on PEG uptake by the conjugate.
We also examined the capacity for PEG adsorption to improve the colloidal stability of the
Pt!l-loaded nano-conjugate, its primary role in this system, and the effect of adsorbed PEG
on pH-dependent in vitro release of Pt!!. We show that SH-PEG uptake is inhibited by the
dendron ligand if the ligand is pre-attached to the AuNP surface, but that once bound to the
surface PEG does not significantly impact Pt!! loading capacity or release performance,
while it does substantially improve colloidal stability both in water and in biologically
relevant media such as PBS and DMEM. The decrease in Pt!! loading capacity upon
PEGylation was observed to be less than 20 %. The 10 day release of Pt!! (examined at 0.5
Pt!!/nm?2 drug loading) was 0.9 % regardless of PEGylation status. At higher drug loading
(1.9 Pt!'/nm?2), 16 % Pt!! release was reported. An optimal balance between drug loading and
conjugate stability under biologically relevant conditions can thus be achieved. This study
shows that by employing a strategy that combines separation with analysis and includes
quantitative and orthogonal measurements, one can monitor and control properties that
determine the efficacy, and, by extension, the safety, of nano-based drug delivery platforms.
The lack of such quantitative measurements is one factor limiting the clinical application of
these novel materials.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cartoon depiction of conjugation and complexation steps in processing of AUNP-(dendron),

AuNP-(dendron)-(SH-PEG) and Pt!' complexed products.
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Figure 2.
Schematic of hyphenated ES-DMA-ICP-MS. (a) ES. (b) 210Po neutralizer chamber. (c)

DMA. (d) GED to exchange air with argon for ICP-MS compatibility. (e) ICP-MS.
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Figure 3.
Surface conjugation of SH-PEG and dendron on AuNPs. (a) Normalized number-weighted

PSDs measured by ES-DMA-CPC. (b) Molecular binding of dendron and SH-PEG5K on
AUNP characterized by ATR-FTIR. A 5-1 ratio of dendron to SH-PEG5K was used as a
representative example for the ATR-FTIR study. Baseline subtraction was performed for
each spectrum (absorption at wavenumber 1800 cm~! was chosen as zero) and followed by
normalization to the highest peak intensity. Dashed lines mark the characteristic vibrational
modes from dendron (COO~, C=0) and SH-PEG5K (C-0).
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(a) Schematic illustration of the two-layer core-shell model used to quantify SH-PEG

packing density used for Eq. (2) (b) Adsorption isotherm for SH-PEG on AuNP-dendron

conjugates. (c) Citrate AuNP conjugated with SH-PEG 1K, 5K and 10K, at SH-PEG

concentration of 0.42 mmol/L during reaction. Packing density is given in molecules/nmZ.
Error bars represent one standard deviation for at least four replicate measurements. In order
to include ligand stability over the time scale of experiments, four replicate measurements

were performed within a time scale of ~10 days.
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Figureb.

Quantification of Pt!! loading by ES-DMA-ICP-MS. (a) Representative elemental mass-
based particle size distributions for AUNP-(dendron)-(SH-PEG5K) at Co// = 11.4 pmol/L.
Blue: 197Au trace; black: 195Pt trace, (b) Loading of Pt!! on AuNP-dendron vs the
concentration of Pt!!, (c) Loading of Pt!! vs the packing density of SH-PEG5K on AuNP at
Cp/' = 11.4 pmol/L (dashed line is only a guide), (d) Pt!" loading vs SH-PEG molar mass
(1kDa, 5kDa and 10kDa), at around saturation packing density (i.e. 5 to 1 dendron to SH-
PEG) at Cp/’/ = 11.4 umol/L. Error bars for op// represent one standard deviation about the
mean value derived from Pt/Au across a range of particle sizes in the mass-based PSD for
one measurement in the same sub-sample. Uncertainties for same subsample (but with
measurement replicates) and between different samples are based on relative standard
deviation and averaged < 9 %, demonstrating good precision and sample-to-sample
reproducibility (for details see Sl Figure S4).
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Figure6.

vy
Lir 44

40 80 120 400 600

Time (h)

Quantifying colloidal stability using ES-DMA-ICP-MS. Initial mixing of cisplatin with
AUNP conjugates occurs at 0 h, with the x-axis showing time after mixing or reaction time.
Before mixing with Pt!!, samples are stable and therefore DA=1 was assumed at t=0. (a)
Effect of Pt!! on colloidal stability. (b) Effect of PEGylation on stability in different media.
The parameter DA was calculated from mass distribution measurements using DMA-ICP-
MS. A relative standard deviation of 7 % is estimated based on the mean standard deviation

performed at each size step. [%']
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Pt!! release under (a) PBS and (2) pH 5 (acetate buffer). The platform studied included
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AUNP-dendron, AuNP-(dendron)-(SH-PEG1K) and AuNP-(dendron)-(SH-PEG5K) at two
different Pt!! loading concentrations (low Pt!! : Cpy!! = 1.1 pmol/L and high Pt!: Cpi!! = 11.4

pmol/L), which are labeled as Pt (H) (Pt at high concentration) and Pt (L) (Pt'! at low

concentration). The Pt!! loading was measured 1.9 Pt!//nm? for 5K-Pt (H), and 0.5 Pt!!/nm?
for dendon-Pt (L). 0.5Pt!!/nm?2 was estimated for 1K-Pt (L) as well as for 5K-Pt (L) since no
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significant change in Pt' loading was expected with PEGylation (Figure 5(c)). Error bars
represent one standard deviation of two replicate experiments.
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