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Abstract

Polymeric nanocarriers (PNCs) are versatile drug delivery vehicles capable of delivering a variety
of therapeutics. Quantitatively monitoring their uptake in biological systems is essential for
realizing their potential as next generation delivery systems; however, existing quantification
strategies are limited due to the challenges of detecting polymeric materials in complex biological
samples. Here, we describe a metal-coded mass tagging approach that enables the multiplexed
quantification of PNC uptake in cells using mass spectrometry (MS). In this approach, PNCs are
conjugated with ligands that bind strongly to lanthanide ions, allowing the PNCs to be sensitively
quantitated by inductively-coupled plasma (ICP)-MS. The metal-coded tags have little effect on
the properties or toxicity of the PNCs, making them biocompatible. We demonstrate that the
conjugation of different metals to the PNCs enables the multiplexed analysis of cellular uptake of
multiple distinct PNCs at the same time. This multiplexing capability should improve the design
and optimization of PNCs by minimizing biological variability and reducing analysis time, effort,
and cost.
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Metal-coded mass-tagged PNCs
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Introduction

Nanocarriers (NCs) are increasingly popular as effective drug delivery vehicles, especially
within the field of oncology.! They have the potential to improve the solubility,

stability and pharmacokinetics of drug molecules.2# So far, various kinds of NCs,
including liposomes,>6 proteins,’-€ polymers,®-12 and metal-based3-1> materials have
been investigated to enhance overall efficacy and safety of conventional drug molecules.
Among these NCs, polymer-based nanocarriers (PNCs) are promising delivery systems
because of their facile synthesis and easy control over size, shape, charge, and surface
functionality. Along with being made biocompatible and biodegradable, PNCs offer many
other advantages including long circulation times,16:17 stimuli responsive and controlled
drug release,18-20 and the ability to incorporate small drugs?1-23 and/or biologics.242°

While numerous examples of efficacious and safe PNC systems have been reported,
relatively few have been translated into clinical studies, indicating a gap between the
technical and clinical development of PNCs. Some of this gap is due to the lack of

methods to monitor PNCs /n vitroand in vivo so that correlations between structural
properties and biodistributions can be made. Large experimental variabilities associated
with /n vivo models, in particular, make it difficult to compare the efficacy of different
PNC formulations. Moreover, ethical considerations dictate the use of fewer animals for
the evaluation of PNCs. Hence, sensitive analytical methods that can quantitatively monitor
multiple PNCs in a single set of experiments are desired to reduce time, effort, the number
of animals, and to minimize experimental variability.

A variety of techniques, such as fluorescence imaging,25-28 radiolabeling,2%-3! magnetic
resonance imaging,32-33 and electron microscopy3#3° have been used to track PNCs in
biological samples. Fluorescence methods are very commonly used, but these approaches
suffer from quenching, intrinsic fluorescence interferences, poor quantitation, and limited
multiplexing capabilities. Radiolabeling approaches suffer from stringent safety precautions,
and there is a general move away from the use of radioactive elements in many fields of
science. Magnetic resonance imaging has poor sensitivity and hence demands high loading
of contrast agents. Electron microscopy methods have an inherent advantage in that they
can be used without needing to chemically label PNCs, but this method is slow, not
quantitative, and does not readily lend itself to multiplexing. Overall, existing techniques
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lack the quantitative and multiplexing capability needed to simultaneously monitor multiple
PNCs.

Because of its speed, sensitivity, and inherent multiplexing capability, mass spectrometry
(MS) is beginning to be used to detect NCs in biological systems, including carbon,38
lipid,37:38 and metals-based NCs.3%-44 Matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS) readily detects lipids*® and hence has been used to detect
liposomes3” and cationic lipid based NCs.38 Laser desorption ionization mass spectrometry
(LDI-MS) has been utilized to measure carbon cluster ions as proxies of carbon-based
NCs36 and to detect surface coatings on intact AuNPs.#142 Inductively-coupled plasma mass
spectrometry (ICP-MS) is widely used to monitor metal-based NCs.43:44:46

The applicability of MS to PNCs, however, has been limited due to the challenges of
detecting polymers directly in complex biological samples. In this work, we describe

the development of metal-coded mass tags (MMTs) that enable multiple PNCs to

be detected and quantified in a single experiment. These MMTs consist of a cyclic
polyaminocarboxylate ligand known as DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) that complexes strongly to wide range of metal ions.#” Such DOTA

ligands and other structurally similar complexation agents have been used in quantitative
proteomics,*8-50 imaging mass cytometry for biomarker detection,51-53 as part of contrast
agents in magnetic resonance imaging,>#-56 and to track organic and inorganic nanoparticles
via radioactive elements.2%57:58 To the best of our knowledge, however, such MMTs have
not been incorporated into PNCs to enable their detection in biological samples. Here, using
two types of nanogel (NG) PNCs as testbeds, we demonstrate that MMTSs can be installed
in PNCs without significantly altering their size, charge, or uptake properties. We then
illustrate the multiplexing capabilities of these MMTSs by quantifying the relative cellular
uptake of NG PNCs having different targeting functionality (Figure 1).

Experimental Section

The detailed synthetic methods and characterization results for all the polymers used in this
work can be found in Supporting Information.

Conjugation of the MMTs to the polymers

Polymer P1 (Scheme S1) or polymer P6 (Scheme S2) was dissolved into anhydrous
dimethylformamide. Then, excess of triethylamine (TEA) was added, and the solution was
stirred for 30 min. After activating the amines with TEA, 3 equivalents of DOTA-mono-
NHS tris (£#Bu-ester) per amine were added, and the reaction mixture was stirred for

24 h. The mixture was then dialyzed (Spectra/Por, ThermoFisher Scientific, MWCO =
3.5kDa) against a 4:1 mixture of dichloromethane (DCM):methanol for 2 days. The solvent
was removed under vacuum, and resultant P2 or P7 polymer (Schemes S1 and S2) was
characterized by NMR (Figure S1 and S2) to find the characteristic #Bu peak (~1.5 ppm) of
the added DOTA group.

Removal of the £Bu groups on the DOTA moieties was accomplished by dissolving P2 or
P7 into a 1:1 mixture of trifluoroacetic acid (TFA):DCM and stirring the mixture overnight.
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Then, the reaction mixture was extracted three times with cold ether to precipitate the pure
polymers of P3 or P8 (Schemes S1 and S2) and remove TFA and £#Bu-OH. The resulting
P3 and P8 polymers were characterized by the loss of the #Bu peak (~1.5 ppm) in NMR
(Figure S1 and S2).

Metal complexation of the DOTA-tagged polymers was achieved by the following general
procedure. First, the required amount of P3 (or P8) (0.1-3 mg) was dissolved into water

(or water with a small amount of dimethylsulfoxide), and the metal chloride of interest

(2 equivalents with respect to the number of DOTA groups in the polymer) in a 100 mM
ammonium acetate buffer (pH=5.5) was added and stirred overnight at room temperature.
Then, a 1:1 equivalent of Na,EDTA to metal chloride was added and stirred for 15 min to
sequester free metal ions. Finally, the reaction mixture was purified by three ultra-centrifugal
filtration procedures using 3 kDa molecular weight cutoff filters (Amicon).

Formation and characterization of the cross-linked NG assemblies

The experimental details for forming and characterizing the NG assemblies can be found in
the supporting information.

Cell culture and NG uptake experiments

HelLa, MCF-7, and HEK293T cells lines were grown in growth media comprised of
Minimum Essential Medium supplemented with 10% fetal bovine serum and 1% antibiotic
solution (10,000 units/mL of penicillin and 10,000 ug/mL of streptomycin). All cell cultures
were nurtured under humidified conditions with 5% CO, at 37 °C. Cells (~0.5 x 10°) were
plated into 24-well plates 24 h prior to NG treatment. After plating, the growth media was
replaced with media containing the NG(s) of interest (0.1 mg/ml for the uniplex studies and
a total of 0.4 mg/mL for the multiplexed studies). After 24 h of treatment with the NG(s), the
cells were washed three times with ice cold phosphate-buffered saline (PBS) to remove NGs
that were not taken up into the cells. The cells were then harvested into 15 mL centrifuge
tubes and prepared for ICP-MS analysis.

ICP-MS sample preparation and analysis

To measure the amount of metal incorporated into the polymers, fixed amounts of samples
and standard Ir solutions were treated with agua regia (highly corrosive, use with high
caution) overnight. The samples were then diluted to obtain 5% agua regia. A series of
calibrant solutions of the metal of interest along with Ir as an internal standard were
prepared in 5% aqua regia.

In harvested cell samples, an Ir solution was again added as an internal standard, and the cell
mixtures were digested using 100 pL of a 3:1 mixture of HNO3 and H,0O, and sonicated for
1 h. After sonication, aqua regia was added and tubes were again sonicated to further digest
the cell samples. Finally, the digested mixture was diluted with deionized water to give a
~5% aqua regia solution. To generate response factors for quantification purposes, control
cell lysates were spiked with a constant amount of Ir (as an internal standard) and increasing
concentration of the NG of interest.
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All samples were measured on a PerkinElmer Nexlon300X ICP mass spectrometer. The
instrument was operated under following conditions: plasma argon flow = 16.5 L/min;
nebulizer gas flow = 1.1 L/min; rf power = 1600 watts and dwell time = 50 ms.

Results and Discussion

We first tested if MMTSs could be used as proxies to monitor cellular uptake of PNCs. A
random amphiphilic polymer (P1) consisting of amine (6%), oligoethylene glycol (30%),
and pyridyl-disulfide (64%) as repeating units was designed, synthesized, and used as

a model polymer system (Scheme S1). Nanogels (NGs) constructed from this polymer

have been used previously to deliver small chemotherapeutics,>®:69:61 nucleic acids,52 and
proteins®3.:64 to cells. MMTs were attached to the polymer, and then the NGs were fabricated
(Scheme S1). First, tris-£Bu-DOTA was conjugated to P1 and confirmed by NMR (Figure
S1). Next, the £Bu-ester groups of the polymer (i.e. P2 in Scheme S1) were hydrolyzed,

and the resulting P3 was complexed overnight with Ho3* at a pH of 5.5. Excess free

Ho3* was removed using Na,EDTA, followed by ultra-centrifugal filtration. The number

of washes and filtration steps required to remove noncomplexed Ho3* was determined by
comparing the Ho3* concentrations associated with P3 and the control polymer PO (Figure
2a, b). A total of three ultra-centrifugal washing cycles was found to be sufficient to remove
non-specifically bound Ho3*. The amount of attached Ho3* was determined to be ~0.65
weight% of P3, where weight% = (ng of attached Ho3*/ ng of P3) x 100. After complexation
and washing, DTT was used to cross-link P4 (Ho) and create the Ho3*-coded NG (Ho-NG).

The cellular uptake of Ho-NG was tested with HeLa cells (~0.5 x 10 cells). After 24 hours
of incubation with Ho-NG (0.1 mg/mL), cells were washed three times with PBS, which
was found to be the optimal washing conditions (Figure S3). The total Ho concentration in
the cells was then quantified by ICP-MS to determine the uptake of the NGs. The ICP-MS
response factor for Ho-NG was determined by spiking different Ho-NG concentrations into
Hel a cell lysate to establish a calibration curve. From three replicate measurements, we
found the percent cellular uptake of Ho-NG to be 0.77 £ 0.03 %. While NGs like this one
have been used to successfully deliver small drugs and biologics to cells,59.60.62-66 these are
the first quantitative measurements of the uptake of these NGs.

Before evaluating the ability of the MMTSs to enable multiplexed analysis of several
different NGs, it was crucial to first make sure that the MMTSs themselves do not affect the
biophysical properties of the NGs. So, we next investigated the optimal amount of MMTs
that could be installed on the polymers without affecting the NG’s properties. To control
the amount of MMTs in the NGs, we synthesized an amphiphilic block copolymer (P6,
Scheme S2) consisting of oligoethylene glycol and pyridyl-disulfide moieties, as repeating
units, and terminated the polymer with an amine group, so that each polymer chain could
accommodate exactly one MMT group. These block co-polymers provided better control
over the percentage of MMT groups present in each nanogel as compared to the random
co-polymer P4 (Ho), and all subsequent cell-based studies were performed with these
polymers. A Tm3*-coded mass tag was then attached to P6 via the amine (Figure S2 and
Scheme S2) to create polymer P9 (Tm), and the MMT-polymer was purified as described
above (i.e. Figure 2a). Then, the Tm3*-coded polymer P9 (Tm) was mixed with a control
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polymer, P10, in different ratios and the resulting polymeric mixtures were cross-linked

to obtain Tm3*-coded NGs with MMT percentages ranging from 1 to 100% (Figure 3a).
DLS measurements of these resulting NGs indicate that the different MMT percentages have
relatively little influence on their zeta potentials and sizes (Figure 3b, c).

The influence of different MMT percentages on NG cellular uptake was studied by
incubating NGs (formulated from different ratios of P9 (Tm) and P10) using HeLa cells.
After 24 h of incubation, cells were washed three times with PBS, and the total metal was
quantified by ICP-MS to determine the uptake of the NGs. Response factors for each NG
were generated (Figure S4) and used to quantify their % uptake. As shown in Figure 3d,
uptake is relatively constant for NGs having up to 10% MMT. Further increases in the MMT
percentage result in significant changes in uptake, causing us to conclude that up to 10%
MMT can be used without substantially influencing NG properties or uptake efficiency. For
further studies, we chose to incorporate 10% MMT to maximize detection sensitivity.

Multiplexed screening of the NGs with the MMTSs requires the complexation of different
metal ions that range in size. So, we investigated the cytotoxicity of the 10% MMT-
conjugated NGs with different complexed metals, including Ho3*, Tm3*, Tb3* and Y3*.
We chose rare earth metal ions for several reasons. (i) They have no biological background,
allowing them to be detected at very low levels; (ii) their formation constants are very

high (> 1029), leading to great stability in biological samples; and (iii) they have almost

no isobaric interferences during ICP-MS analyses, which allows for better measurement
precision. Four NGs based on P10 and metal-coded polymer P9 (P9 coded with Ho3*,
Tm3*, Th3* or Y3*), each with 10% MMT and complexed with a different metal ion, were
fabricated and incubated with HeLa, HEK293T, and MCF-7 cells at polymer concentrations
ranging from 0.1 — 1.0 mg/mL. After 48 h of incubation, there is no significant loss of cell
viability as determined using the Cell Titer Glo assay (Figure S5), indicating that NGs with
10% MMT density and a variety of light (Y3*) and heavy (Tm3*, Ho3* and Th3*) rare earth
metals causes no cytotoxicity.

The reliability of using the MMTSs with different complexed metals to quantitate the cellular
uptake of PNCs can be further demonstrated by assessing the uptake of NGs with different
targeting functional groups. For this purpose, we designed and synthesized four block
co-polymer-based NGs each with a different surface functional group and 10% of the

MMT (Figure 4a, Scheme S3 and Figure S6). The surface functional groups include a
positively-charged amine group (NH»-NG), an integrin-binding RGD peptide (RGD-NG),

a folic acid group (FA-NG), and a control NG (MeO-NG) with no targeting group. All

four NGs have their expected charge and have identical sizes based on zeta potential and
DLS measurements, respectively (Figure S7). Each NG was incubated separately with Hel a,
MCF-7 and HEK293T cells for 24 h, and their uptake was determined using the appropriate
response factors (Figure S8). As expected,%’ the FA-NGs were taken up most efficiently in
HelLa and MCF-7 cells as these cells over-express folate receptors, whereas the HEK293T
cells do not efficiently take up the FA-NGs because they do not over-express the folate
receptor (Figure 4b—d). These results indicate that the MMTSs can be used to accurately
measure the cellular uptake of PNCs. Also, the attached metal has no significant effect on
the sensitivity of the measurement.
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The key benefit of these MMTS is the ability to quantify the uptake of multiple PNCs in

a single experiment. To demonstrate this multiplexing capability in a single experiment, a
mixture of equal amounts of MeO-NG, NH,-NG, RGD-NG and FA-NG, each tagged with
a different metal ion, was studied. Even though many literature reports demonstrate that
these rare earth metal chelates are highly stable in human serum, at low pH (e.g. pH =

0), at high temperature (e.g. 100 °C), and when conjugated to large molecules,68:69.70 we
first tested the ability of the different metals to exchange between the differentially tagged
polymers. Polymers each tagged with a different metal ion were placed in separate semi-
permeable dialysis tubes (Figure S9). After 24 h, each sample was analyzed by ICP-MS,
and we found that no detectable metal exchange occurred between the tubes (Table S1),
indicating there is no leakage or ‘swapping’ of metal ions between the differentially tagged
polymers. Confident that each NGs can be measured by its corresponding MMT, we next
incubated all four metal-tagged NGs in HeLa, HEK293T and MCF-7 cell cultures. After 24
h, their uptake in this multiplexed experiment was quantified and compared to the uptake
of each NG in separate cell cultures (i.e. uniplexed analysis) (Figure 5). The uniplexed and
multiplexed analyses provide mostly similar results, indicating that the MMTs can be used
to simultaneously evaluate the uptake efficiency of multiple PNCs in a single experiment.
In effect, each metal ion (i.e. Tb, Y, Tm, Ho) acts as a proxy for each different NG

(i.e. MeO-NG, NH»-NG, RGD-NG, FA-NG). There are some slight differences in uptake
observed for the uniplexed and multiplexed experiments, but these differences likely reflect
the competition among the four NGs because four times higher concentrations were used in
the multiplexed experiment.

Conclusions

We have demonstrated that MMTs together with ICP-MS analysis can be used to quantify
the cellular uptake of PNCs, even in a multiplexed manner. Conjugation of the MMTs

to the PNCs has no significant effect on their properties or cellular uptake as long as

the percentage of added MMT is kept relatively low (~10%). Moreover, the MMT has

no effect on cytotoxicity, suggesting that they should be amenable for /n vivo analyses.

The multiplexed analysis that is possible when multiple metal ions are incorporated allows
side-by-side comparisons of different PNCs in the same biological samples, which limits
biological variability and reduces analysis time. In future work, we plan to use these MMTs
to simultaneously evaluate the /in vivo biodistributions of multiple PNCs with different
properties. The ability to monitor multiple PNCs at the same time will minimize the number
of animals needed for these studies, reduce biological variability, and offer a time and
cost-efficient method for developing better PNCs for delivery applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Metal-coded mass tagged polymeric nanogels for multiplexed quantitative measurements of

cellular uptake. (a) Structures of polymeric nanogels studied in this work. (b) Workflow for
analyzing the cellular uptake of multiple nanogels with different targeting groups in a single
experiment using ICP-MS.
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Figure2.
(a) ICP-MS analysis after Ho3* complexation of P3 and the control polymer PO for a

different number of washing cycles. Three washing steps were enough to remove free,
non-specifically bound Ho3*, as indicated by the undetectable levels of Ho3* in PO. The
abbreviation n.s. indicates no significant difference in the signals. (b) Chemical structures of
control polymer (i.e. PO) and DOTA conjugated polymer (i.e. P3).
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Figure 3.

Optimization of MMT density on the NGs. (a) Schematic illustrating the fabrication of NGs
with varying MMT densities. (b) Zeta potentials of NGs with different MMT densities,
showing little effect on surface charge. (c) DLS profiles of NGs, illustrating no effect of
MMT density onto NG size. (d) ICP-MS quantification of NG uptake in HeLa cells. Up to
10% MMT can be incorporated into the NGs without significantly altering uptake.
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Figure 4.

Validation of cellular-uptake quantification using the MMT PNCs. (a) Schematic of NGs
with different surface targeting ligands and MMTSs with different complexed metal ions
(Scheme S3 and Figure S6). ICP-MS measurements of NG uptake in (b) HEK293T, (c)
HelLa, and (d) MCF-7 cells. FA-functionalized NGs are taken up to a greater extent in HeLa
and MCF-7 cells than other NGs because HeLa and MCF-7 cells have high concentrations
of folate receptors.
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Figureb5.

Multiplexed screening of the cellular uptake of multiple NGs in a single experiment and

comparisons to individual uptake

experiments (i.e. uniplex). A mixture of equal amounts

of all four NGs was spiked separately into (a) HEK293T, (b) HelLa, and (c) MCF-7 cells.
After 24 h of incubation, uptake of all four NGs was quantified in a single experiment
(i.e. multiplex). The multiplexed analysis resulted in similar relative uptake of the NGs as
obtained in uniplexed analyses where each NG was spiked individually into the cells.
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