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Abstract

This study aims to establish a primary rat hepatocyte culture model to evaluate dose-dependent hepatotoxic effects of drug carriers

(lipopolymer nanoparticles; LPNs) temporal. Primary rat hepatocyte cell cultures were used to determine half-maximal Inhibition Concen-

trations (IC50) of the drug-carrier library. Drug-carrier library, at concentrations <50 μg/mL, is benign to primary rat hepatocytes as determined

using albumin and urea secretions. Albumin, as a hepatic biomarker, exhibited a more sensitive and faster outcome, compared to urea, for the

determination of the IC50 value of LPNs. Temporal measurements of hepatic biomarkers including urea and albumin, and rigorous physi-

cochemical (hydrodynamic diameter, surface charge, etc.) characterization, should be combined to evaluate the hepatotoxicity of drug carrier

libraries in screens.

© 2023 Published by Elsevier Inc.
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Introduction

Nanocarriers have been increasingly studied over the past two

decades for facilitating the efficacious delivery of nucleic acids,

including plasmid DNA (pDNA)1, small interfering RNA

(siRNA)2 messenger RNA (mRNA)3, antisense oligonucleo-

tides4, and CRISPR/Cas9 constructs5, in addition to a wide va-

riety of different therapeutic agents6. Various nanocarriers

including: (i) polymeric carriers (porous nanoparticles, nano-

gels7, hydrogels8, micelles9), (ii) carbon-based carriers (nano-

tubes10, fullerenes11), (iii) inorganic-based carriers (silica-based

carriers12, metal-organic frameworks13) and, (iv) lipid-based

carriers (liposomes14, niosomes15, lipid nanovesicles16, cubo-

somes17, nanogels7, solid lipid nanoparticles17, nanostructured

lipid carriers18), have been generated for the non-viral delivery

of nucleic acids, small molecules, and other therapeutic cargo.

Lipid-polymer hybrid nanoparticles, including lipopolymer

nanoparticles (LPNs), are a novel class of hybrid nanocarriers,

and have been drawing increasing attention because of their

desirable biological, physicochemical, and/or multifunctional

properties19,20. Specifically, the conjugation of lipids onto

polymer backbones provides stability, imparts the ability to
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simultaneously load multiple drugs, and synergistically deliver

nucleic acids and small molecule drug. It can also facilitate high

efficacy of transgene delivery and expression to cells in vitro

and by modulating reticuloendothelial system (RES) uptake

in vivo19–21. Consequently over the past decade, LPNs have

emerged as a platform technology for improving the bioavail-

ability of challenging bioactive or therapeutic molecules with

fewer side effects20,21.

Although promising as therapeutic agents, nanocarriers have

the potential to trigger cytotoxicity, immunogenic responses, and

other adverse effects when administered to patients. This might

arise due to either the functional groups they present on their

surface, or the possibility of residual organic solvents commonly

used in preparation of the formulation20,22. Therefore, in vitro

and in vivo preclinical toxicity assessments of drug carriers are

vital for determining the effective dose range and for demon-

strating the safe application of nanoscale carriers of therapeutic

cargo. Traditionally, animal models are widely used for the

evaluation of toxicity of drug carriers in vivo23,24. A recent ex-

ample using a rat model was used to demonstrate high efficacy of

novel drug loaded lipopolymers for breast cancer23. In another

study, nucleic acid-loaded lipopolymers were tested for anti-

tumoral effects on chronic myeloid leukemia in a mouse model

to investigate potential use in gene delivery24. Although in vivo

models are important for capturing biodistribution and immu-

nological effects, the cost associated with these studies makes

them relatively impractical for evaluating the toxicity of large

libraries of drug carriers. In contrast, in vitro cell culture systems

that can provide rapid, robust, and reliable evaluation of drug

carrier libraries, can be an invaluable part of the drug discovery

and delivery pipeline. Many in vivo studies involving systemic

(e.g., intravenous) delivery show that nanocarriers often localize

to major organs such as the kidney, lung, and liver upon systemic

or local delivery. Amongst these, the liver plays a key role in the

elimination of xenobiotics from the body and protection against

toxicity from exogenous chemicals25. The liver is also a major

target for injury from potential insults caused by exogenous

nanocarriers. Therefore, evaluation of hepatotoxicity becomes a

key factor in determining the clinical translation of nanomaterial-

based drug carriers.

Despite the critical need to determine the potential hepato-

toxicity of nanoparticle drug carriers, only a few, mostly cell-line

focused efforts in vitro, have been explored for this purpose.

Previous libraries of drug carriers were assessed for cytotoxicity

in different hepatic (HepG226, SMMC-772127, Huh728) and

other tissue culture models29. However, many of the established

hepatic cell lines are based on hepatic cancers and do not reflect

the phenotypic and functional characteristics of liver tissue.

Therefore, primary hepatocyte culture models have emerged as

the benchmark for in vitro testing of hepatoxicity as they can

maintain relevant functionality during a 1–3 day period used in

hepatotoxicity studies30,31. Additionally, they can be utilized for

the study of enzyme induction or inhibition and are effective for

screening interindividual differences in metabolism32. Further-

more, to retain polygonal morphology similar to that seen

in vivo, sandwich culture models have been established by

placing the hepatocytes between two layers of collagen33,34.

Recently, Yang et al. found that drugs encapsulated in nano-

particle carriers demonstrated lower toxicities in primary

compared to the free, unencapsulated version of the drug35.

Depletion of macrophages in vivo resulted in a significant in-

crease of nanocarrier-induced hepatotoxicity, which implicated

macrophage uptake as one of the determining biological factors

for reducing drug carrier hepatotoxicity. Despite these studies,

physicochemical and biological factors that contribute to the

hepatotoxicity of nanoparticle-based drug carriers are not yet

well understood. Therefore, there is an urgent need for estab-

lishing physiologically relevant and effective cell culture models

for the systematic determination of drug carrier cytotoxicity,

particularly for evaluating nanoparticle libraries. Considering

that systemic delivery of nanoparticle therapeutic agents leads to

their accumulation in the liver5,36, we reasoned that the devel-

opment of a primary hepatocyte-based cell culture model for

rapid screening of lipopolymer nanoparticles, used as model

drug carriers, can lead to establishment of a relevant cell culture

model for accelerating the drug carrier discovery pipeline.

We recently developed a new class of aminoglycoside-

derived polymers, which were subsequently derivatized with

acyl chlorides resulting in the formation of lipopolymer nano-

particle (LPN) libraries1,37–43. The parental polymers and

derivatized LPNs demonstrated a diverse range of physico-

chemical properties, including hydrodynamic size, surface

charge, and hydrophobicity. Previous studies on the parental

and lipopolymer libraries, using in vitro screens or local de-

livery in vivo, led to the identification of ten candidates that

demonstrate promise for the delivery of nucleic acids, small

molecules, and/or simultaneous delivery of nucleic acids and

small molecule drugs39,41.

Here, we report an investigation for the determination of drug

carrier hepatotoxicity using the parental aminoglycoside-derived

polymers and the derivatized lipopolymers as candidate vehicles.

Primary rat hepatocyte cultures in 96 well plates were first used

to determine the range of hepatotoxicity via imaging. This was

followed by detailed studies on IC50 values of each LPN via

albumin and urea secretion using 12-well plates. These studies

demonstrate that primary cultures are useful for determining the

effect of drug carriers on hepatocyte function and are therefore

indicators of potential toxicity, which can have a significant role

in accelerating the discovery of drug carriers that emerge from

discovery pipelines. The use of primary hepatocyte models fa-

cilitates a more realistic evaluation of drug carrier hepatotoxicity

compared to hepatic cell-line based studies and can be extended

as a general model for rapidly determining the hepatotoxicity of a

diverse set of drug carriers.

Material and methods

Materials

Paromomycin sulfate, neomycin sulfate, and 3.5 kDa mo-

lecular weight cut-off (MWCO) dialysis membranes were pur-

chased from Fisher Scientific. Apramycin sulfate, resorcinol

diglycidyl ether (RDE), glycerol diglycidyl ether (GDE), butyryl

(C4), hexanoyl (C6), octanoyl (C8), myristoyl (C14) or stearoyl

chlorides (C18), triethylamine, N,N-dimethylformamide (DMF),

dimethyl sulfoxide (DMSO) were purchased from Sigma-
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Aldrich. All other chemicals were purchased from Sigma-

Aldrich and used without further purification.

Synthesis of aminoglycoside-derived parental polymers

Aminoglycoside-derived polymers were generated following

the methods described in our previous studies [39, 46, 48]. The

parental polymers, neomycin-RDE (NR), paromomycin-

RDE (PR), apramycin-RDE (AR), neomycin-GDE (NG), and

paromomycin-GDE (PG) were synthesized by a crosslinking

reaction between aminoglycoside monomers and corresponding

diglycidyl ethers (see furthered in supplementary information).

Synthesis of aminoglycoside-based lipopolymer nanoparticles

(LPNs)

A set of 6 lipid-conjugated nanoparticles was synthesized

using the reaction schematics shown in Fig. 1A and the chemical

Fig. 1. Aminoglycoside-derived parental polymers and lipopolymer: A. Schematic illustrations showing synthesis steps and conditions, B. Chemical route of

synthesis technique, C. Nomenclature system of drug carrier library used for the toxicity tests.
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synthesis route in Fig. 1B. Aminoglycoside-derived parental

polymers NR, PR, AR, NG, or PG were derivatized with dif-

ferent alkanoyl chlorides of varying chain length of lipids, in-

cluding butyryl (C4) chloride, hexanoyl (C6) chloride, octanoyl

(C8) chloride, myristoyl (C14) chloride or stearoyl (C18) chloride

(explained in supplementary information). The standard no-

menclature used for all synthesized LPNs is shown in Fig. 1C.

Characterization of drug carrier library

Hydrodynamic diameter and zeta potential measurements of

drug carrier nanoparticles

Hydrodynamic diameters and zeta potential values of all

LPNs and parental polymers (NR, PR, and AR) in DMEM cell

culture buffer (pH 7.5) were determined using a Nano-ZS

Zetasizer instrument (Malvern Instruments with SOP values of

refractive index 1.59 and adsorption parameter 0.01). Lyophi-

lized polymers (at a concentration of 5 mg/mL) were dissolved in

DMEM cell culture media (pH 7.5) with gentle shaking over-

night at 4 °C and filtered through a 0.2-micron syringe filter. This

filtered dispersion was used to determine the hydrodynamic

diameter and zeta potential of the LPNs using dynamic light

scattering (DLS).

Transmission electron microscopy (TEM) of drug-carrier

nanoparticle

Aqueous dispersions of LPNs (1 mg/mL in Milli-Q water)

were placed dropwise onto a TEM grid and, after that, negatively

stained using uranyl formate (by incubating for 1 min with a

sterile-filtered 0.75 % (w/v) solution prepared in Milli-Q water)

and visualized using a Philips CM12-TEM equipped with a

Gatan model-791 CCD camera. The diameter analysis of parti-

cles was calculated using ImageJ software by counting 40 dis-

tinct particles in two independent images.

Determination of drug carrier hydrophobicity

Drug carrier hydrophobicity was determined by calculating

the octanol/water partitioning coefficient using previously re-

ported methods44 with minor modifications described in the

supplementary information.

Methods for primary rat hepatocyte culture models

Cell isolation: Primary rat hepatocytes were isolated from 10

to 12 weeks old adult female Lewis rats (Charles River Labo-

ratories, USA) weighing 180–200 g as previously described45.

The Cell Resource Core (CRC) performed the isolation protocol

#2011N000111 approved by the Institutional Animal Care and

Use Committee (IACUC) at Massachusetts General Hospital

(MGH) and provided primary hepatocytes with 90–95 % via-

bility (determined by Cellometer K2, Nexcelom, USA).

Cell culture: Freshly isolated primary rat hepatocytes were

cultured in 12 and 96 wells with and without a top gel to assess

the suitability of these methods for determining drug carrier

hepatotoxicity. Cells were cultured in a medium that contains

Dulbecco's Modified Eagle's Medium (DMEM; Life Technolo-

gies, CA, USA) as the base, which is then supplemented with 10

% fetal bovine serum (FBS, Sigma, St. Louis, MO, USA), 2 %

penicillin-streptomycin, 7.5 μg/mL hydrocortisone, 20 ng/mL

epidermal growth factor (EGF), and 14 ng/mL glucagon.

The 96-well plate monolayer culture was prepared as follows.

A 96-well (96WP) cell-culture-treated plate (Thermo Fisher

Scientific, USA) was coated with type I rat tail collagen. Spe-

cifically, we used 100 μL dilute rat tail collagen solution

(1.25 mg/mL collagen solution diluted 1:24 v/v in 1XPBS) for

each well and incubated at 37 °C in 5 % CO2 for 1 h. Thereafter,

freshly isolated primary rat hepatocytes (5 × 105 cells/well in

50 μL culture medium) were seeded in each well in their regular

culture medium. The cells were incubated at 37 °C in 5 % CO2

for 24 h for stabilization. Different concentrations of drug carrier

nanoparticles were then introduced to the cells (Fig. S1A, Sup-

plementary Information). This approach was used to assess the

preliminary toxic concentration range of the drug carrier library.

The 12-well monolayer (no-top-gel) culture was prepared as

follows. The primary rat hepatocytes (6 × 105 cells/well in

500 μL culture medium) were seeded into 12-well tissue culture

plates (12WP) in which each well was precoated with 1 mL of a

dilute rat tail collagen type I (as described above). They were

then incubated at 37 °C in 5 % CO2 for 24 h for stabilization and

confluency. The media was collected, and a fresh medium with

varying concentrations of nanoparticles was introduced to cells.

The medium was collected every 24 h for further analysis and

replaced with fresh media (Fig. 2).

The 12-well sandwich (top-gel) culture builds on the monolayer

model described above and was prepared as follows. After the

cultures were stabilized for 24 h in monolayers, a top collagen-

based hydrogel (collagen gel) was applied in each well to cover

the cells45,46. This approach enables hepatocytes to polarize and

retain hepatocyte-specific functions for longer-term culture. Specif-

ically, a 200 μL top-gel solution (1.25 mg/mL collagen diluted

9:1 v/v in 10× DMEM) was added onto cells and incubated at 37 °C

in 5 % CO2 for 1 h. Thereafter 500 μL culture medium was added to

each well and cells were incubated at 37 °C in 5 % CO2 for 24 h to

stabilize the culture. After 24 h, the culture medium was collected,

and different concentrations of drug carrier nanoparticles were added

to the cells in culture. The medium was collected every 24 h for

further analysis and replaced with a fresh medium (Fig. S2A).

Methods for hepatoxicity assessment

Cell viability analysis by live/dead assay

The LIVE/DEAD™ viability/cytotoxicity kit for mammalian

cells (Thermo Fisher Scientific, USA) was used to determine the

viability of the cultured cells. The cell viability analysis is de-

scribed in the supplementary information.

Hepatotoxicity analysis via functionality assays

Hepatotoxicity was also assessed by measuring albumin and

urea secretion from hepatocytes in culture. The secreted albumin

and urea concentrations following nanoparticle treatments were

analyzed using samples, collected daily, from three independent

primary rat hepatocyte isolation cultures (Fig. 2). The daily

collected samples from 12WP cultures were stored at −80 °C

until albumin and urea analysis.

Albumin assay

The albumin concentration was measured using an in-house

developed enzyme-linked immunosorbent assay (ELISA)method as

described earlier46,47 in the supplementary information.
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Fig. 2. Schematic of the experimental protocol via no-top-gel 12-well plate (12WP) culture. Each drug carrier nanoparticle was tested using 3 independent

primary rat hepatocyte isolations.
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Urea assay

The urea concentration was measured using a colorimetric

urea detection kit (Stanbio Urea BUN assay kit, TX, USA).

Ten microliters of the collected samples and assay standards

(0–100 μg/mL urea standards in culture medium) were added

into clear bottom 96 well-plate following the manufacturer's

instructions. Then, 150 μL of the BUN kit reagent mix was added

into each well and incubated at 60 °C for 90 min. After incu-

bation, the plate was kept at room temperature to cool down for

10 min. The absorbance of each well in the plate was measured

simultaneously at 520 nm and 650 nm using a Benchmark Plus

microplate reader (Biorad Inc., CA, USA). Albumin concentra-

tions in collected samples were calculated according to a con-

structed standard curve for each plate.

Determination of half-maximal Inhibition Concentration (IC50)

of drug carrier nanoparticles

The IC50 values of the LNP library were calculated based on

albumin and urea concentrations of the control group from 3

independent culture data for each nanoparticle candidate in the

library. The calculation method was described in the supple-

mentary information.

Statistical analyses

The results of albumin and urea assays were evaluated for

statistically significant differences between the means of the

groups. Two-way analysis of variance (ANOVA) with Bonfer-

roni test was performed using OriginPro 2018. ANOVA pro-

vides a pairwise comparison of the means48. Each candidate in

the library was analyzed using 3 wells of cultured cells from 3

independent primary rat hepatocyte isolations (N = 3, n = 3). A

threshold for significance, p < 0.05 was used for all statistical

analyses.

Results and discussion

Generation of aminoglycoside-derived parental polymers and

lipopolymer nanoparticles

Aminoglycoside-derived parental polymers, PR, NR, and AR

were synthesized by a crosslinking reaction and purified using

previous methods described by us41,44 with an approximate yield

ranging from 40 to 50 %. Lipopolymer nanoparticles were then

synthesized by reacting primary amines present in parental

polymers (PR, NR, AR, PG, or NG) with different lipids (in acid

chloride form) with varying chain lengths including C4, C6, C8,

C14 and C18 chlorides (Fig. 1B). Different alkanoyl groups of

varying chain lengths were conjugated in order to systematically

modulate the self-assembling property and hydrophobicity of the

resulting lipopolymers. A total of 6 different LPNs were syn-

thesized and purified with an average yield ranging from 35 to

55 % (calculation of % yields are followed as described in pre-

vious literature41,49).

Physicochemical characterization of drug carrier nanoparticle

library

Parental polymers and lipid-conjugated polymers (lipopoly-

mers) self-assemble to form nanoparticles in aqueous media

(DMEM culture media with pH ~7.5). Dynamic light scattering

measurements revealed that the parental polymer (NR, AR, and

PR) nanoparticles – incubated in DMEM culture media (pH

~7.5) for 24 h – had hydrodynamic diameters ranging from 120

to 140 nm and surface zeta potential values ranging from +15 to

+30 mV (Fig. 3A). All lipid-conjugated derivatives of parental

polymers, i.e., NRC6, PRC6, PRC14, ARC8, NGC4, PGC18

lipopolymers, also self-assembled to form nanoparticles with

hydrodynamic diameters broadly ranging from 50 to 110 nm and

surface zeta potential values ranging from +10 to +40 mV in the

DMEM culture media (Fig. 3A). Also, the plot between zeta

potential vs. total count of particles in Fig. 3B shows a single

peak for the PRC14 polymer, which corresponds to a positive

surface zeta potential value and therefore confirms the cationic

nature of these drug carrier nanoparticles. For these parental

polymers and lipopolymers, the cationic amine groups from

aminoglycosides are likely exposed on the outer surface of the

self-assembled nanoparticle and contribute to the positive zeta

potential value.

Transmission electron microscopy (TEM) images of the

negatively stained lipopolymer, PRC14, confirmed the overall

relatively uniform distribution of the nanoparticles (Fig. 3C); in

this visualization, the particles appear light on a dark negatively-

stained background. The diameter of PRC14 LPNs calculated

from TEM microscopy (31.8 ± 4.3 nm) was smaller than the

hydrodynamic diameter determined from the aqueous disper-

sions of the LPNs using dynamic light scattering (58.2 ± 3.1 nm)

experiments, which is consistent with our previous observa-

tion41. It is likely that drying of the nanoparticle samples is

partially responsible for the smaller diameters seen with TEM.

Polymer hydrophobicity values (log10K(O/W)) were measured

by calculating the logarithm of phase distribution coefficient

(K(O/W)), i.e., the ratio of the concentration of the drug carrier in

the octanol phase to that in the aqueous (water) at equilibrium as

described in Fig. 3D. Hydrophobicity, i.e., log10K(O/W) for pa-

rental polymers, was in the range of 1.0 to 1.3, which indicated

moderately hydrophobic polymers (with a positive log10K(O/W)

value). Upon conjugating the lipids onto the parental polymers,

the hydrophobicity of the resulting lipopolymer nanoparticles

increased to higher values (ranging from 1.4 to 1.7). It is antic-

ipated that optimized hydrophobicity values of drug carriers can

facilitate greater interactions with cells leading to increased de-

livery efficacies49, although the impact on cytotoxicity is not

fully understood.

Cytotoxicity testing of drug carrier library using primary rat

hepatocyte culture models

a) Drug carrier hepatotoxicity analysis via imaging

We used primary cell cultures to evaluate the hepatotoxicity

of aminoglycoside-derived lipopolymers, which were previously

identified as promising drug carrier candidates1,37,40,41. We first

used a rapid screening approach via 96-well cultures (Fig. S1;

Supplementary Information) to establish the working concen-

tration range of the nanoparticles for further detailed functional

analyses. We then used two culture approaches, first with a top-

gel and then a monolayer culture model (no-top-gel) in 12-well
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plates to identify the most relevant approach to study the effects

of the drug carrier library on primary rat hepatocyte viability and

function.

Given the use of a library of nanoparticles with unknown

toxicity ranges, we set out to determine the concentration ranges

for testing the toxicity of the drug-carrier library (comprised of

ten candidates). Briefly, we first screened a concentration range

of 0–100 μg/mL for all particles with phase-contrast imaging

(included in Fig. S1, Supplementary Information). These phase-

contrast images did not indicate maximal toxicity, i.e. ~100 %,

death, in this concentration range. We, thus, increased the con-

centration range to 200 μg/mL and conducted staining-based

viability assays for this broader range (0–200 μg/mL, Fig. S1,

Supplementary Information). These results indicated that we

could observe significant toxicity for the hepatocytes at and

above 100 μg/mL. Based on this screening, we used the 0 μg/mL

to 200 μg/mL concentration range to measure IC50 toxicity

values in the subsequent experiments we describe below.

We employed both top-gel (i.e., collagen sandwich) and no-

top-gel approaches to assess their suitability to test the toxicity of

Fig. 3. Physicochemical characterization of aminoglycoside-derived drug carrier nanoparticles: A. Hydrodynamic diameter and the zeta potential values of drug

carrier nanoparticles following incubation in DMEM media for 24 h at 37 °C, B. (top) Representative plot of hydrodynamic diameter (nm, logarithmic scale)

with percent intensity on the y-axis and (bottom) representative plot of zeta potential vs. total counts for the PRC14 lipopolymer, C. Representative TEM image

of PRC6 lipopolymer nanoparticles, D. Hydrophobicity values of drug carrier library as determined using log10K(O/W). Additional details are provided in the

supplementary information section.

7G. Kibar et al / Nanomedicine: Nanotechnology, Biology, and Medicine 48 (2023) 102651



the drug carriers. Although the collagen sandwich model is

generally considered to be superior for the long-term function-

ality of primary hepatocytes, the top collagen gel was a physical

barrier to nanoparticle delivery in this study (Fig. S2; Supple-

mentary Information) due to probable interaction of the carriers

with collagen matrix. We thus carried out all subsequent toxicity

assessments with the no-top gel hepatocyte culture where the

total time for culture did not exceed 72 h. In this regard, if longer

term cultures are needed to assess the chronic toxicity of LPN

libraries, one might consider alternative approaches which do not

limit the transport of LPNs into the cell. One such alternative is

the ultrathin collagen coating (200 nm -1 μm thick) we had

previously developed50,51. Nevertheless, this approach is labor

intensive and requires automated liquid handlers for large

number of experiments.

We observed significant effects of drug carrier exposure on

primary rat hepatocytes in the no-top-gel model (representative

polymer nanoparticle, NR shown in Fig. 4 and for the rest of the

library from Figs. S4 to S13). Specifically, compared to the

control group, increasing concentrations of LPN drug carriers led

to highly deformed cell morphology and substantial deterioration

in cell integrity. Fluorescence staining of the cells with Hoechst

(nuclear stain; blue), Calcein-AM (live cytoplasmic stain; green),

EthD-1 (dead cell, DNA binding stain; red) further confirmed

some toxicity of the NR nanoparticles at concentrations above

50 μg/mL. Specifically, we observed substantially high staining

in the red (EthD-1) channel, indicating a significant disruption of

cell membrane integrity in cells exposed to the highest concen-

tration of NR used (i.e., 100 and 200 μg/mL). We also observed a

corresponding decrease in the green (Calcein-AM) channel,

indicating a substantial disruption to the activity of intracellular

esterases. Interestingly we also observed a more diffuse (not

punctate) signal in the blue (Hoechst) channel in cells exposed to

these highly toxic concentrations, which is a likely indicator of

Fig. 4. Aminoglycoside-derived drug carrier nanoparticle toxicity in primary rat hepatocyte culture (no-top-gel, 12-well plate) for the representative nanoparticle

(NR). Column 1: Phase contrast images at different doses. Column 2–4: Live & Dead staining images of cells at 72 h after collection of supernatant. Hoechst:

Nuclear Stain (blue), Calcein-AM: Live stain (green), EthD-1: Nuclear Dead cell stain (red) at 10× magnification.

Table 1

The half-maximal Inhibition Concentration (IC50) of lipopolymer nanopar-

ticles and parental aminoglycoside-derived polymers on primary rat hepa-

tocytes. Values presented are mean ± standard error.

IC50 (μg/mL)

Albumin Urea

PR 102.7 ± 17.7 127.5 ± 9.1

PRC6 98.0 ± 16.8 109.1 ± 2.6

PRC14 81.8 ± 4.2 216.7 ± 23.8

PGC18 154.7 ± 22.1 141.4 ± 0.8

NR 166.5 ± 8.3 125.3 ± 19.9

NRC6 97.3 ± 29.8 150.0 ± 10.2

NGC4 118.5 ± 7.9 136.2 ± 6.1

AR 99.0 ± 19.9 216.8 ± 22.2

ARC8 104.6 ± 6.6 194.0 ± 23.2

AGC18
a

– –

a This oversized particle did not show any toxicity in the concentration range

evaluated.
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nuclear injury as a result of treatment with the highest

concentrations of the drug carrier nanoparticles.

b) Drug carrier hepatotoxicity analysis via functionality

assays

The liver plays a vital role in eliminating xenobiotics, drugs or

drug carriers from the body52. In any liver-like model, the se-

cretion profiles of albumin and the urea are typical indicators of

liver function. Albumin is a secreted plasma protein that facili-

tates the transport of hormones, enzymes, vitamins, fatty acids,

and other essential substances, balances the pH, and maintains

oncotic pressure53. Urea is synthesized by the liver as a result of

the metabolism of nitrogen-containing compounds. Poor or im-

paired urea and albumin function can be used as indicators of

hepatotoxicity54. Accordingly, to assess the hepatotoxicity of the

drug carrier nanoparticle library in designed cell culture models,

we monitored the change in albumin and urea secretion at dif-

ferent time points. The resulting IC50 values of drug carrier

nanoparticles, based on urea and albumin assays, ranged from

81.8 μg/mL to 216.8 μg/mL (Table 1) as calculated from dose

response curves shown in Fig. S3 (Supplementary Information).

Albumin concentrations for each drug carrier nanoparticle-

treated hepatocyte culture group were measured via an ELISA

assay for samples collected on the first and second days. The

percent albumin secretion was calculated by normalizing each

experimental group's secretion to that of the control group

(untreated i.e. 0 μg/mL drug carrier) for each day as shown in

Fig. 5-A. Statistical analysis showed significant changes in al-

bumin secretion on day-1 for most of the nanoparticles which

allowed us to calculate IC50 values from these day-1 results.

We observed statistically significant changes in the albumin

secretion of drug carrier treated groups compared to the control

(untreated) group for the following particles on day-1: PR, PRC6,

PRC14, PGC18, NR, NRC6, NGC4. The IC50 values for these

particles were thus calculated from the day-1 viability results

(Table 1). The administration of other nanoparticles, AR and

ARC8, resulted in statistically significant albumin dose responses

only on day-2. The administration of oversized (>200 nm) par-

ticle AGC18 did not result in any statistically significant changes

Fig. 5. Hepatocyte-specific functions i.e., secretion of albumin and urea following treatment with the drug carrier nanoparticle library: A. The percentage of

albumin secretions normalized by control for 24 h (1st-day sample) and 48 h (2nd-day sample) after drug carrier administration B. The percentage of urea

secretions normalized by control for 24 h and 48 h after drug-carrier administration. The values are the mean (% of albumin and urea concentration normalized

with respect to the control group for each day of analysis) ± standard error from 3 independent cell culture tests with triplicates of each concentration group *p≤

0.05, **p ≤ 0.01, ***p ≤ 0.001.
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during the experimental period. Accordingly, the IC50 values of

AR and ARC8 were calculated using the second-day data, and no

IC50 value was calculated for AGC18.

Nanoparticle size is an important determinant for hepatotox-

icity. Accordingly in Fig. 6 we plot the IC50 values – derived

from the albumin assay – and the hydrodynamic diameter of the

LPNs. In general, we observed that increasing the diameter of the

(LPNs) resulted in higher IC50 values, i.e., lower hepatotoxicity.

While this trend was well established within the LPNs of the

lipid-conjugated polymer family, two of the parental polymer

LPNs did not follow this general trend. AGC18 demonstrated no

toxicity at the concentrations evaluated (0–200 μg/mL; Table 1),

likely due to its large diameter (>200 nm) that hinders significant

interactions with cells55,56. We, therefore, hypothesize that

hepatotoxicity of nanoparticle-based lipid-conjugated carriers

depends on its hydrodynamic diameter. Nevertheless, particle

size is not the only determinant of toxicity and chemistry and

surface properties of such particles might also be important.

Further research with a larger set of LPNs and chemistries will be

critical in better understanding the effect of different particle

parameters on the observed hepatotoxicity.

Secreted urea concentrations on the first- and second-day

following treatment with the individual drug carriers are shown

in Fig. 5-B. Statistical analyses showed that urea secretion results

were statistically meaningful for calculating IC50 values for most

of the nanoparticle library, except NR, NRC6, NGC4, and PGC18

only on day-2 compared to day-1 for albumin secretion. Like

albumin, the statistical analysis of urea secretion did not indicate

toxic effects for AGC18 (>200 nm) lipopolymer particle. In a

previous study, Gokduman et.al, observed a similar delayed re-

sponse for urea where they assessed the toxicity of iron oxide

nanoparticles on primary rat hepatocyte cultures via both albu-

min and urea secretion46. They concluded that albumin secretion

is both a more sensitive and earlier hepatotoxicity marker of the

iron oxide nanoparticles. Overall, the current study indicates that

the parental and lipopolymer nanoparticles used for delivery of

Fig. 6. Correlation diagram between the hydrodynamic diameter (nm) of drug carrier nanoparticles with corresponding IC50 concentration (μg/mL) evaluated

from the albumin assay by assessing the toxicity with primary rat hepatocytes. In general, an increase in hydrodynamic diameter resulted in lower hepatotoxicity

(higher IC50 value) for lipid-conjugated polymers or lipopolymer nanoparticles (LPNs; highlighted with green boundary).
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small molecule drugs and nucleic acids have a relatively safe

hepatoxicity profile and result in adverse events only at signifi-

cantly high concentrations (≥~50 μg/mL).

Conclusions

The toxicity of nanoparticles can be a critical limitation to

their use in biological applications and clinical translation as

drug carriers. In this regard preclinical animal models are com-

monly used for efficacy and safety analyses before moving on to

clinical testing in humans. Similarly, in vitro models of hepa-

totoxicity are commonly used before the animal studies and

feature carcinoma-based cell lines, iPSC derived human hepatic

cells and primary hepatic cells both in simple to use well culture

models and the more novel 3D approaches57,58. While the choice

of cell sources and tissue models are plentiful, here we chose rat

primary hepatocytes in a 2D culture model due to their high

metabolic recapitulation of the original liver tissues, ease of use,

accessibility, affordability and potential predictivity of the pre-

clinical animal studies that are commonly first performed in

rodents. An extension to primary human and human iPSC de-

rived hepatic cells will be considered in future work.

In this study, we investigated the suitability of different

primary hepatocyte cultures for evaluating the cytotoxicity of

recently developed aminoglycoside-derived polymer and lipo-

polymer nanoparticles (LPN), which were used as models of

drug carriers41. These drug carrier nanoparticles are promising as

carriers of nucleic acids and/or small molecules, but no hepato-

toxicity data on these emerging carriers exist in the current lit-

erature. We, therefore, investigated different primary hepatocyte

culture models to determine the hepatotoxicity of these drug

carrier nanoparticles.

Our results indicate that hepatoxicity screening in a 96WP

format is a useful approach to rapidly determine the working

concentration range for novel nanoparticles under development

as drug carriers. The study revealed that drug carrier nanoparti-

cles were non-toxic to primary rat hepatocytes up to a <50 μg/mL

concentration. These indicate that the LPN library is generally

safe and well-tolerated, however, further testing in animals and

that of the complete library will be needed to better establish the

usefulness of this library for safe and efficacious delivery of

therapeutic cargo. Albumin, as a hepatic biomarker, was a more

sensitive and earlier indicator of toxicity, while urea excretion

had delayed response as we have previously observed for iron-

oxide nanoparticle hepatotoxicity. Taken together, the use of

primary rat hepatocyte cultures is a robust preclinical approach

for determining the hepatotoxicity of drug carriers before pre-

clinical animal and clinical human studies.

Our future studies will involve an extension of these findings

to larger libraries of drug carrier nanoparticles (with and without

relevant cargo), leading to the development of structure-toxicity

relationships, mechanisms of action studies – such as mito-

chondrial and other organelle injury and injury via the generation

of reactive oxygen species – and validation of screening

findings in vivo, leading to a robust pipeline for the accelerated

discovery of drug carrier nanoparticles. In this context, it is likely

that nano-antioxidants may provide benefit in lowering the

toxicity of nanoparticle drug carriers by lowering free radical

generation59,60. It is conceivable that these lipopolymer nano-

particles can simultaneously carry antioxidants that can lower

their potential toxicity.
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