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Abstract

Phospholipid bilayers that constitute endo-lysosomal vesicles can pose a barrier to delivery of biologic drugs to intracellular targets. To overcome
this barrier, a number of synthetic drug carriers have been engineered to actively disrupt the endosomal membrane and deliver cargo into
the cytoplasm. Here, we describe the hemolysis assay, which can be used as rapid, high-throughput screen for the cytocompatibility and
endosomolytic activity of intracellular drug delivery systems.

In the hemolysis assay, human red blood cells and test materials are co-incubated in buffers at defined pHs that mimic extracellular, early
endosomal, and late endo-lysosomal environments. Following a centrifugation step to pellet intact red blood cells, the amount of hemoglobin
released into the medium is spectrophotometrically measured (405 nm for best dynamic range). The percent red blood cell disruption is then
quantified relative to positive control samples lysed with a detergent. In this model system the erythrocyte membrane serves as a surrogate for
the lipid bilayer membrane that enclose endo-lysosomal vesicles. The desired result is negligible hemolysis at physiologic pH (7.4) and robust
hemolysis in the endo-lysosomal pH range from approximately pH 5-6.8.

Video Link

The video component of this article can be found at https://www.jove.com/video/50166/

Introduction

Although there are many potential high-impact therapeutic targets inside the cell, the intracellular delivery of agents poses a significant
challenge. Frequently, drugs, especially biologics, are internalized by cells and trafficked into vesicles that either lead to degradation of their
contents through the endo-lysosomal pathway, or are shuttled back out of the cell via exocytosis.1 In the latter process, the internal pH of the
vesicles is acidified to approximately 5-6, which is the optimal pH for activity of enzymes that function in this compartment, such as lysozyme.2

Recently, a number of materials have been specifically engineered to leverage the acidification of endosomes to facilitate cytosolic delivery
of their cargo. One example of this approach uses synthetic, polymer micelle nanoparticles whose core is zwitterionic and charge-neutral at
physiologic pH (i.e. 7.4). However, at pH 6.0 - 6.5, the polymers become protonated and acquire a net positive charge that destabilizes the
micelle core, and the exposed polymer segments interact with and disrupt the endosomal membrane. This activity has been shown to promote
the endosomal escape of peptide and nucleic acid-based therapeutics, allowing them to access their cytosolic targets.3,4 Other examples of
methods developed to mediate endosomal escape that disrupt the membrane barrier include 'fusogenic' peptides or proteins that can mediate
membrane fusion or transient pore formation in the phospholipid bilayer.5 Homopolymers of anionic alkyl acrylic acids such as poly(propylacrylic
acid) are another well-studied approach, and in these polymers, the protonation state of pendant carboxylic acid dictates transition into a
hydrophobic, membrane-disruptive state in endo-lysosomal pH ranges.6,7
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One useful model system for screening endosomolytic behavior is the ex vivo pH-dependent hemolysis assay.8 In this model system, the
erythrocyte membrane serves as a surrogate for the lipid bilayer membrane that enclose endo-lysosomal vesicles. This generalizable model has
been used by others to evaluate the endosomolytic behavior of cell-penetrating peptides and other polymeric gene delivery systems.8-11 In this
experiment, human red blood cells and test materials are co-incubated in buffers at defined pHs that mimic extracellular (7.4), early endosomal
(6.8), and late endo-lysosomal (< 6.8) environments. The amount of hemoglobin released during the incubation period is quantified as a measure
of red blood cell lysis, which is normalized to the amount of hemoglobin released in positive control samples lysed with a detergent.

From screening a small library of potentially endosomolytic test materials, one can infer that samples that produce no hemolysis at pH 7.4, but
significantly elevated hemolysis at pH < 6.5, will be the most effective and cytocompatible candidates for cytosolic drug delivery. Materials that fit
these criteria would be expected to remain inert and not indiscriminately destroy lipid bilayer membranes (i.e. that could cause cytotoxicity) until
being exposed to a drop in the local pH following internalization into endo-lysosomal compartments.

In this protocol, erythrocytes are isolated from a human donor and co-incubated at pH 5.6, 6.2, 6.8, or 7.4 with experimental endosomolytic drug
delivery agents. Intact erythrocytes are pelleted, and the supernatants (containing hemoglobin released from lysed erythrocytes) are analyzed for
the characteristic absorbance of hemoglobin via a plate reader (Figure 1).

Protocol

1. Preparation and Sterilization of Buffers and Test Agents

1. 150 mM NaCl buffer: Dissolve 4.383 g NaCl crystals in 500 ml of nanopure water.
2. pH Buffers: Prepare phosphate buffers at pH 5.6, 6.2, 6.8, and 7.4 by mixing appropriate amounts of monobasic and dibasic sodium

phosphate. If samples are to be tested at lower pH values (i.e. pH < 5.6) then a more appropriate buffer, such as citrate buffer, should be
used. Buffer recipes are readily available, and an example reference has been provided here.12

3. Sterilize all buffers noted above through a bottle-top vacuum filtration apparatus and re-check buffer pH's.
4. 20% Triton X-100 (positive control): Mix 20 ml pure Triton X-100 in 80 ml of nanopure water. Vortex vigorously and sonicate to dissolve.

Leave at room temperature overnight before use.

2. Preparation of Erythrocytes

1. Obtain 25 ml of blood from an anonymous human donor, drawn directly into K2-EDTA-coated Vacutainer tubes to prevent coagulation.

NOTE: All procedures must be pre-approved by the appropriate Institutional Review Board (IRB), and venipuncture and blood collection must
be performed by a trained phlebotomist in order to minimize the risk to the donor. Standard phlebotomy procedures have been published
elsewhere.13

2. Centrifuge blood at 500 x g for 5 min, and mark levels of hematocrit (red, lower layer) and plasma (yellowish, upper layer) on tube.
3. Aspirate plasma gently via a micropipettor, add into bleach, and discard into biohazardous waste.
4. Fill hematocrit tube to marked line (original level of plasma) with 150 mM NaCl solution. Cap and invert a few times to gently mix. Centrifuge

at 500 x g for 5 min.
5. Repeat step 2.3-2.4 to wash blood cells again. Then aspirate supernatant and replace with PBS at pH 7.4. Invert to mix.
6. Split blood evenly into four tubes, corresponding to each pH that will be tested. Label the tubes according to each pH to be tested (5.6, 6.2,

6.8, 7.4).
7. Centrifuge blood tubes at 500 x g for 5 min. Mark levels on tubes, then aspirate supernatant.
8. Fill each tube to marked line with buffer of appropriate pH (as indicated in 2.6).
9. Label four 50 ml conical tubes (one per pH to test), and pipet 49 ml of PBS of appropriate pH into each conical tube.
10. Add 1 ml of erythrocytes (same pH) into corresponding tube for a 1:50 dilution. Visually inspect the diluted blood, which should be turbid and

will settle if left undisturbed. If no pellet forms, cells have lysed.

3. Lysis Assay 96 Well Plate Setup and Quantification

1. Prepare stock solutions of all experimental drug delivery agents, at 20x the desired final concentration to be tested (Assay will take 10 μl of
drug delivery agent + 190 μl diluted red blood cells, leading to a 1/20 dilution of the original drug delivery agent into the final test mixture).
Stocks of 20, 100, and 800 μg/ml are suggested, resulting in final test concentrations of 1, 5, and 40 μg/ml, respectively.

2. Pipet 10 μl of each stock solution into V-bottom 96-well plates. For optimal results, load each sample in triplicate or quadruplicate.

NOTE: For ease, it is recommended that a separate 96-well plate should be prepared for each pH to be tested, with each sample (at each
concentration) loaded at n=3-4 per plate.

3. For positive control wells, add 10 μl of 20% Triton X-100.
4. For negative control wells, add 10 μl of phosphate buffer. Use buffer at the same pH to be tested.
5. Pipet 190 μl of diluted erythrocytes (see 2.10) to each well, making sure cell stock solution remains homogenous during transfer. Hint: Use

multi-channel pipette to simplify this task.
6. Incubate plates at 37 °C for one hour (Optional: Use an orbital shaker or rocker).
7. Centrifuge plates for 5 min at 500 x g to pellet intact erythrocytes. Note: when removing the plate from the centrifuge and transporting it to the

next step, handle with care and be certain not to disrupt the cell pellet.
8. Using a multichannel pipet, transfer 100 μl of supernatant from each well into a clear, flat-bottomed 96-well plate. Note: if the cell pellet is

accidentally disturbed for any sample(s), one can re-centrifuge the plate and then proceed with supernatant transfer.
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9. Measure absorbance of supernatants with a plate reader. Note that a range of wavelengths can be used (400 - 541 nm).

NOTE: Different plate readers may have different saturation points and sensitivities, so the choice of a wavelength for measurements depends
on whether or not hemolysis data from experimental samples can be reliably normalized against maximum hemolysis as induced by detergent
treatment. This requires accurate measurement of absorbance values of the positive control samples.

10. Using Microsoft Excel or a similar data analysis software, find the average of the background absorbance readings from the negative control
samples set up for each pH (step 3.4). Subtract this background absorbance value from all other samples that were measured at that pH.

11. After background subtraction, find the average absorbance of the positive control detergent-treated samples (step 3.3). Then normalize all
experimental data points to this mean absorbance value, which should represent 100% hemolysis. Finally, multiply each well value by 100%
to calculate % hemolysis that occurred in each individual well relative to the detergent control.

Representative Results

Typically, the agents that exhibit ideal pH-dependent hemolytic behavior have the highest potential for cytosolic delivery of drugs, nucleic acids,
or other bioactive molecules. This is exemplified by Agent #1 as portrayed in Figure 2, which exhibits minimal hemolysis at pH 7.4, but a sharp
increase in hemolytic behavior at endosomal pH ranges (< 6.5). Some agents may exhibit significant levels of hemolytic behavior at physiological
pH ranges (Agent #2 at 40 μg/ml; Figure 2), suggesting that these agents may not be hemocompatible and could potentially be cytotoxic at
these concentrations.

In most cases, hemolysis is also dose-dependent, as increasing concentrations of the test materials correspond with higher levels of hemolysis,
especially at the lower pH ranges tested (5.6 - 6.2).

 

Figure 1. Schematic Diagram of Red Blood Cell Hemolysis Assay.  Human erythrocytes are isolated and incubated with experimental
endosomolytic drug delivery agents in a series of buffers simulating the pH range from physiologic (7.4) to late endosomes/lysosomes (5.6).
The optimal drug delivery agents will not disrupt the erythrocytes at physiologic pH but will exhibit robust hemolysis in more acidic conditions. To
assess percent hemolysis, the release of hemoglobin into the surrounding medium is measured via absorbance on a plate reader.
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Figure 2. Representative Results of a Hemolysis Assay Demonstrating Behavior of Two Experimental Endosomolytic Agents.  First,
the average A450 of the vehicle (PBS) control was subtracted from the other samples tested at that pH. Afterward, experimental samples were
normalized to the A450 of Triton X-100-treated erythrocyte samples and multiplied by 100%. Based on these control samples, the ability of
experimental transfection agents to lyse erythrocytes can be calculated. Typically, ideal endosomolytic agents exhibit dose-dependent and
pH-dependent hemolytic behavior. Ideal agents (such as Agent #1) exhibit minimal hemolysis at pH 7.4, but a sharp increase in hemolytic
behavior at endosomal pH ranges (< 6.5). Some agents exhibit substantial hemolytic behavior at physiological pH ranges (Agent #2 at 40 μg/ml),
suggesting that these agents may be cytotoxic at these concentrations. Error bars indicate standard deviation of 4 independent measurements.

Discussion

pH-responsive polymers or other agents designed for endosomolytic function can be rapidly and effectively screened based on lysis of red
blood cells at pH values encountered in the endosome (Figure 1; pH 6.8 - early endosome, pH 6.2 - late endosome, pH 5.6 - lysosome).14-17

pH-dependent hemolysis has been used to screen the ability of carriers to mediate endosomal release of biomacromolecular therapeutics (e.g.
peptides, siRNA, ODNs, proteins), and results of this assay can be predictive of performance as an intracellular drug delivery vehicle.3,4,8,18,19

Thus, this assay represents an effective screen to gauge the ability of polymeric drug carriers to mediate intracellular drug delivery based on their
pH-dependent membrane disruption.

As noted in the procedure, hemolysis is detected through spectrophotometric measurement of the supernatants of red blood cells treated
with experimental agents. Therefore, in addition to hemoglobin, it is likely to contain other erythrocyte-derived cytosolic components, including
proteins and carbohydrates. While these other components may contribute a small amount of signal to the spectrophotometric measurement,
100% hemolysis was calibrated to the erythrocyte lysate resulting from treatment with Triton X-100. Assuming all erythrocytes from the same
donor contain similar levels of hemoglobin and other biomolecules, we can safely conclude that the 'contaminating' components will not
contribute any artifacts to the hemolysis measurement, especially if the same blood sample is used for all tests. However, this highlights the
possibility that, for any given blood donor, there are likely to be small day-to-day variations in blood composition and hematocrit, and therefore,
internal control samples (steps 3.3-3.4, 3.10-3.11) should be analyzed for all experiments.

One should also always closely examine the raw absorbance data. Though it cannot be appreciated in the normalized example data shown in
Figure 2, detergents such as Triton X-100 effectively destabilize erythrocyte membranes regardless of pH, and one should expect to see very
little sample to sample variability in positive controls. The absorbance spectrum of Triton X-100 does not include peaks in the 400-600 nm range
recommended for this assay, and therefore, should not interfere with the normalization of experimental data.20 Furthermore, for negative control
samples, one should not observe significant hemolysis after the 1 hr incubation in any of the buffers used (i.e. even the most acidic buffer does
not typically generate hemolysis on this timeframe). Background readings on negative control samples should closely approximate background
absorbance readings taken on the fresh buffers.

Ideally, researchers will employ complementary strategies to characterize their experimental drug delivery systems. The hemolysis assay is
advantageous for initial endosomolytic agent screening on naturally-occurring biomembranes, but should be considered as only one of the
many tools in the drug delivery researcher's armamentarium for testing cytosolic delivery agents. For example, one potential shortcoming
of the hemolysis assay is that it utilizes the red blood cell membrane as a biological model for endosomal membranes. However, the make-
up and lipid content of endosomal membranes varies by cell-type and may not be accurately recapitulated by the blood cell membrane.1 A
variety of other, complementary assays have been developed to mimic endosomal membrane composition and behavior.21,22 One alternative
to is to utilize liposomes containing fluorescence resonance energy transfer (FRET)-quenched fluorophores, which become unquenched
following destabilization of the liposomes and release of the fluorophores to the surrounding media. In studies that employ this method,
the quantification of unquenched fluorophores has been found to correlate with the ability of a vehicle to mediate endosomal escape of its
payload.21,23 Microscopy-based measurements can provide a more robust but lower-throughput method that is complementary to the hemolysis
assay. For example, it is common to assess colocalization of the carrier or the drug itself with dye-labeled lysosomes (e.g. LysoTracker by Life
Technologies), or the trafficking pathways can be characterized using pH-sensitive dyes conjugated the carrier or drug (e.g. pHrodo by Life
Technologies).24-26

Once an endosomolytic delivery system has been confirmed to achieve cytosolic cargo delivery, the hemolysis assay can also provide
information on the mechanism through which endosomal escape occurs. For example, gene delivery vehicles based on polyethyleneimine (PEI)
lack an inherent ability to disrupt phospholipid membranes at neutral or acidic pH's.11,27 Instead, PEI achieves cytosolic gene delivery through a
'proton sponge' effect. After internalization, PEI buffers the endosome by "absorbing" protons that are pumped across the endosomal membrane
to acidify these compartments. Eventually, this leads to buildup of excess protons and their counter-ions inside the endosome. This results in
a rise in osmotic pressure, water influx, vesicle swelling, and endosomolysis. Therefore, the success of proton sponge effect necessitates the
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accumulation of a critical concentration of PEI into an endosome.27 Delivery vehicles that achieve endosomal disruption through the 'proton
sponge' effect will not physically disrupt red blood cells or liposomes, and their efficacy in achieving intracellular drug delivery must be assessed
through osmotic pressure calculations, or in vitro microscopy, or functional studies.

In conclusion, the hemolysis assay described here is a reliable model for screening pharmaceutical agents designed for intracellular delivery of
biologic drugs. This assay provides a high throughput means of drug delivery vehicle screening, enabling the rapid development of formulations
that deliver biologics with intracellular targets.
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