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Abstract

There are currently more than 560 therapeutic monoclonal antibodies (mAbs) at

various stages of research and clinical testing, including candidates for administra-

tion by subcutaneous (SC) injection. Preclinical studies based on in vitro

measurements of high molecular weight proteins within simulated SC matrices are

assisting laboratory studies of interactions of injectable biotherapeutic proteins

within the SC environment in relation to bioavailability. We report a new method for

directly measuring diffusion of unlabeled, high molecular weight proteins injected

into an in vitro matrix that simulates the negatively charged environment of the SC.

The matrix consists of 10mg/ml HA in a repurposed cell culture chamber. The

measurement consists of pipetting triplicate 20 μl protein samples into the matrix,

placing the chamber in a laboratory scanner, activating tryptophan residues in the

protein at 280 nm, and imaging the resulting protein fluorescence at 384 nm over a

0.5–4 h time period thus tracking protein movement. This facile approach enables

mapping of protein concentration as a function of time and distance within the

matrix, and determination of diffusion coefficients, D, within ±10%. Bovine IgG and

BSA gave D = 2.3 ± 0.2*10−7 and 4.6 ± 0.2*10−7 cm2/s at 24°C, respectively, for

initial protein concentrations of 21 mg/mL.
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1 | INTRODUCTION

There are currently 174 US‐approved therapeutic proteins including

98 antibody and biosimilar products and about 560 therapeutic

monoclonal antibodies (mAbs) at various stages of research and

clinical testing (Rudge & Ladisch, 2020). Subcutaneous (SC) delivery

through injection of mAbs is convenient, rapid, and cost‐effective,

and increases patient compliance and preference with the potential

for automated injection (Collins et al., 2017). However, preclinical

prediction of systemic mAb diffusion and subsequent absorption

from an SC injection site remains challenging.

While blood and lymphatic capillaries are interspersed within the

subcutis, uptake of injected mAbs occurs through the lymph capillary

network since these proteins (MW of 140–160 kDa) are too large to
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pass into the venous system (Mach et al., 2011). Diffusion and the

flow of interstitial fluid within the negatively charged extracellular

matrix (ECM) carry the protein from injection site to the lymph ducts.

In addition to molecular sieving effects due to HA (Laurent et al.,

1963), the SC tissue, ECM, and HA behave as a weak cation

exchanger. Binding of proteins with pI < pH may occur, although this

effect is minimized at high salt (150mM) or high protein (>30–40mg/

ml) concentrations (Mach et al., 2011; Shenoy & Rosenblatt, 1995).

The complex interactions that affect protein transport thus speak to

the need for direct measurement of protein diffusion within the HA

matrix as is reported here. Other methods measure diffusion by

determining concentrations of protein that have passed into the

buffer by using SEC, mass spectrometry, and/or spectroscopy (Bown

et al., 2018; Leung et al., 2017).

The rate of diffusion of mAbs is subject to other factors including

the protein's molecular size, and hydrophobic character as well as

viscosity of the formulation of the injected solution. The concentra-

tion of hyaluronic acid (HA) is 500 µg/g of skin (or about 1% of

collagen). HA is extremely hygroscopic and has a volume potentially

10× that of collagen (Collins et al., 2017; Maharjan et al., 2011;

Papakonstantinou et al., 2012). As a first approximation, an in vitro

HA matrix simulates key attributes of charge, volume exclusion, and

hydrophilic character of the SC region (Bown et al., 2018).

An in vitro method for predicting the bioavailability of SQ

injected mAbs was proposed by Bown et al. (2018). In this case,

500 μl of formulated mAb was injected into an SC site simulator

(named “Scissors”) filled with 6.25mg/ml HA in PBS solution retained

by a dialysis membrane containing small holes through which the

protein would diffuse. The concentration of unlabeled protein that

diffused into stirred physiologic, carbonate buffer (pH 7.4) was

measured over a 4‐ to 6‐h period by SEC (liquid chromatographic)

analysis of diluted protein samples carried out offline. The resulting

concentration time courses were fitted with the three‐parameter Hill

equation. Differences between proteins were related to bio-

availability and then used to compare the different mAbs.

The development of scissors and a similar approach using

agarose gel (Leung et al., 2017) to measure insulin diffusion preceded

the current In vitro Subcutaneous Matrix (ISM) system. Diffusion of

protein out of agarose gel into buffer was measured through spectral

absorbance of protein in buffer. Unlike previous methods, ISM

enables in situ measurement of diffusion of concentrated, unlabeled

proteins within the HA matrix, itself, and uses smaller sample volumes

(20 µl for ISM vs. 500 µl for Scissors). Other advantages of ISM

include: flexibility—since user‐defined matrices may be placed into

the ISM device; throughput—three replicate injections may be made

with one device in less than 4 h; and accessibility—ISM leverages

existing scanner hardware, present in many laboratories, to deter-

mine in situ diffusion of unlabeled protein within ±10%.

The study of diffusion using ISM is based on direct quantification

of unlabeled proteins within the matrix. Prior studies have utilized

ultraviolet‐dependent labeling of proteins with trichloroacetic acid in

agarose gels or trichloro ethanol (TCE) incorporated into poly-

acrylamide gels (Kazmin et al., 2002; Ladner et al., 2004). The

trichloro compounds react with tryptophan upon transillumination at

300 nm for 2–5min where Trp is present in many proteins (Table 1;

Edwards et al., 2002). The labeled fluorescent products are visible to

the naked eye and may be captured by camera when protein mass is

between 0.2 and 5 μg (Ladner et al., 2004). More recently, Chopra

et al. (2019) showed that UV‐dependent acylation of both Trp and

Tyr residues with TCE (MW 58Da) results in detectable fluorescence

emission at 350–600 nm within 1mm deep SDS PAGE gels. These

reactions are termed as “stain‐free” since they avoid staining, rinsing,

and de‐staining of gels required to image protein bands in

electrophoretic gels, but still react label to protein as is the case

under some conditions for the Scissors system.

We modified the stain‐free approach so that the UV‐activated,

inherent fluorescence is based on unlabeled protein for the determination

of protein mass at depths of up to 6mm. This is fundamentally different

from the concept of stain‐free protein detection, where a fixed protein is

derivatized in a chemically crosslinked gel. We present methodology for

dynamic measurement of mass of unlabeled protein within a viscous HA

matrix that simulates the electrostatic environment of the SC region,

avoids protein denaturation, and employs a readily available gel scanner

that directly determines the distribution of protein mass within a

hydrophilic matrix by application of an appropriate standard curve or

internal standard.

2 | MATERIALS AND METHODS

2.1 | HA matrix preparation

Sodium hyaluronate (1.5MDa SH, lot# 028475) powder was purchased

from Lifecore Biomedical. Nominal size was 1.5MDa, with actual size

distribution being 1.01–1.8MDa. Phosphate‐buffered saline (PBS) was

prepared by combining a 5‐L pre‐weighed mix (Sigma‐Aldrich) with

autoclaved deionized water (DI H2O). The HA matrix was prepared by

adding 200mg 1.5 MDa SH to 40ml PBS (pH 7.4) in a borosilicate glass,

round bottom centrifuge tube (DWK Life Sciences), capping the tube, and

mixing for 2–4h at low speed using a RotisserieTube Rotator (Scilogex) at

room temperature. Addition of a second aliquot of 200mg 1.5MDa SH

was followed by mixing overnight, and transfer to a refrigerator (4°C)

where the formed gel degasses for an additional 24 h, resulting in a clear

TABLE 1 Tryptophan contents of proteins

Protein Molecular weight (kDa) % Trp

Lysozyme 14 7.85

α‐lactalbumin 14.4 3.2

Trypsin inhibitor 21 1.8

Carbonic Anhydrase 31 4.5

Ovalbumin 45 1.3

BSA 66 0.8

Phosphorylase 1397 2.3

3648 | SANTOS ET AL.



viscous matrix that may be stored at 4°C for up to 2 weeks before use.

The HA matrix approximately simulates the viscosity, molecular weight

(>1000 kDa), and negatively charged electrostatic environment of SC

(Bown et al., 2018; Collins et al., 2017; Cowman et al., 2015; Maharjan

et al., 2011; Papakonstantinou et al., 2012).

2.2 | ISM device assembly for measuring in situ
protein diffusion in SQ matrices

Diffusion experiments were carried out in a single well chamber

(9.40 cm2 area) while standard curves were obtained with an eight‐

well chamber slide (0.98 cm2 area per well; Figure 1a–e). The devices

were modified from commercially available clear polycarbonate cell

culture chambers (Figure 1c) mounted on borosilicate glass bottoms

(76.2 × 25.4 mm2, NEST Scientific). The UV‐opaque borosilicate

bottoms were replaced with fused silica (quartz) slides that transmit

UV light (required for activation and imaging of proteins; Alfa Aesar).

Slides selected for minimal imperfections based on imaging with the

BioRad EZ scanner, were re‐mounted to the chambers with Loctite

superglue (Henkel USA) and cured for 24 h at ambient temperature.

The assembled device was covered by another quartz slide to avoid

evaporation of water from the matrix during the course of measurement

of up to 4h in the scanner with antifogging agent (Optix 55) preventing

vapor condensation (applied four times at 10‐s intervals with a lint‐free

wipe). After each experiment, HA was removed using DI water, followed

by rinsing with 70% ethanol and DI H2O. Each device was reused up to

10 times until the quartz bottom began to lose optical transparency. The

combination of commercial off‐the‐shelf components and reagents,

imaging using a commercial gel scanner, and matrix preparation at

ambient and refrigerated conditions based on equipment found in a

typical wet laboratory speaks to the practicality of the methods reported

in this paper.

2.3 | Matrix addition to device

Refrigerated matrix (10mg HA/ml PBS, 4°C), 660μl, was transferred

from the glass centrifuge tubes to the device using a 1000µl positive

displacement pipette (Mettler‐Toledo Rainin) to dispense the HA in a zig‐

zag pattern so that the gel spreads out into a uniform 6mm deep matrix

upon warming to room temperature. The viscous HA (shear dependent

14 cp at 22°C), once loaded into the single‐well, 9.4 cm2 chamber was

covered with the polycarbonate lid provided with the chamber assembly

and placed into a humidified plastic container. This allowed the HA matrix

to degas while minimizing evaporation from the HA matrix (i.e., <1% in

12 h). The plastic container environment was humidified with water‐

soaked yellow sorbent pads placed at the bottom of the chamber.

2.4 | Protein standards

Weighed amounts of proteins were dissolved in PBS with 0.05%

Tween® 80 (Sigma‐Aldrich) and concentrations were determined by

(a) (b)

(c)

F IGURE 1 Summary of experimental method: (a) workflow; (b) injection guide for introducing protein samples into hyaluronic acid matrices;
(c) Side and top views of polycarbonate chamber on quartz slide covered with a second quartz slide on top, before placing it on the tray and
inserting into the scanner.
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extinction coefficients that inherently correct for % moisture

(Table 2). BSA, lyophilized powder, ≥96% pure (lot# SLCC9421,

Sigma‐Aldrich); and IgG from bovine serum (bIgG) ≥95% pure,

lyophilized powder (lot# SLBZ8713, Sigma‐Aldrich). The proteins

were dissolved in 20ml PBS + Tween 80 in two 1200mg aliquots

(2400mg protein total) resulting in 120mg/ml stock solutions in

50ml, capped centrifuge tubes (Corning Inc.). Dissolution was

assisted by inverting the tubes at low speed in the Rotisserie Tube

Rotator overnight at room temperature. The tubes were then stored

at 4°C for up to 2 weeks until use.

Protein stock solutions were diluted with PBS + Tween 80 to

prepare standard solutions (0, 7, 14, 21, 28, 35, 42, and 50mg/ml) or

50–100mg/ml samples for diffusion measurements. Concentrations

of BSA and bIgG (average of 4 replicates) were measured using 260/

280 nm absorbance ratio with Take 3 nanoplates in an Epoch 2

microplate spectrophotometer (US BioTek). Protein size and zeta

potential were measured in triplicate using a Zetasizer Nano ZS90

(Malvern Panalytical Inc.) at 1 mg/ml with 1ml total volume in

disposable cuvettes (Thermo Fisher Scientific) pipetted into universal

zeta potential dip cell (Malvern Panalytical Inc.). Dilution of the

protein standard was with water since Tween 80 and high salt

concentrations interfere with Zetasizer measurements by decreasing

the overall surface charges and shifting the zeta‐potential of proteins

toward zero (Salis et al., 2011). Solutions for studying the effects of

HA on protein fluorescence were prepared by adding up to 10mg of

1.5 MDa HA to 1ml protein solution in PBS + Tween 80, mixing

overnight at room temperature in the Rotisserie Tube Rotator at low

speed and refrigerating (4°C) for 24 h in a capped culture tube to

degas.

Standard curves for each scanner were determined by placing

the cold (4°C) 200 or 600 μl protein solutions, corresponding to 2‐ or

6‐mm sample depths, respectively into the eight‐chamber devices

using positive displacement pipettes, covering with the quartz slides,

equilibrating 30min to room temperature in the humidified contain-

ers and positioning on the “stain‐free” tray (part number #1708274,

Bio‐Rad) for measurement. Concentrations and corresponding mass/

pixel values confirmed that this measure of protein mass is

independent of matrix depth between 2 and 6 mm (refer to bold

and italic values in Table 3).

2.5 | Scanner

We used a pair of instruments (Gel Doc EZ Gel Documentation

System #1708270, with Image Lab™ 6.1 software, Bio‐Rad; Scanner

#1 serial number: 735BR06376 and Scanner #2: 735BR06377)

equipped with stain‐free trays, on which the devices were placed.

Protein was pipetted into an eight‐well device (for generating

standard curves) or injected into the 9.4 cm2 culture chambers

containing HA (10mg/ml) matrix (for diffusion measurements),

respectively, and individual devices were placed on each scanner

tray at a pre‐determined center location using a positioning mask or

by aligning with guide marks on the tray.

2.6 | Optical activation/image capture (9.6 cm2

chamber)

A 20 μL volume of protein in PBS/Tween 80 was placed into the

matrix using the injection guide (Figure 1b). The device (Figure 1c)

was placed in the scanner for single‐time activation of the protein by

the Transillumination UV light (280–300 nm) for 5 min, followed by

image capture of the entire tray for 4 s by a camera positioned above

the sample. Internal temperature, measured using a type K thermo-

couple (Omega Engineering) placed an inch away from the device on

the tray, showed the lighting within the scanner causes the

temperature to increase from 22°C to 25°C during the initial 5 min

activation period before stabilizing at 24°C for the remainder of the

experiment.

Protein movement through the HA gel was recorded at

30–60min intervals for up to 4 h without removing the tray from

the scanner. The images were subsequently digitally processed to

TABLE 2 Properties of proteins examined in this study

Protein
Molecular
weight (kDa) pI

Extinction coefficient
(10mg/ml, 1 cm path)

Zeta potential in PBS pH
7.4 (mV)

Hydrodynamic radius of
protein (nm)

BSA 67 4.7 6.7 −8.6 ± 0.1 3.2 ± 0.2

Bovine IgG 150 7 13.7 −2.4 ± 0.1 5.3 ± 0.2

TABLE 3 Protein concentration levels versus total mass for
determining standard curves

Protein
concentration in
PBS + Tween 80

200 µl (2 mm depth) 600 µl (6 mm depth)
Total
mass
(mg)

Mass/
pixel
(µg)

Total
mass
(mg)

Mass/
pixel (µg)

0 0 0.00 0.0 0.0

7 1.4 0.17 4.2 0.50

14 2.8 0.33 8.4 1.00

21 4.2 0.50 12.6 1.49

28 5.6 0.67 16.8 1.99

35 7.0 0.83 21.0 2.49

42 8.4 1.00 25.2 2.99

50 10 1.19 30.0 3.56
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correlate protein response to mass. The maximum area imaged by

this scanner is 11.2 × 15 cm2 using a 1.4‐MP CCD, at a pixel density

of 4096 corresponding to an area of 107.8 μm2 per pixel. The signal

intensities are the sum of responses of protein molecules in a square

column below each pixel. Due to the position of the camera, the

samples must be centered in the filter tray to minimize angle

distortions of the images.

Imaging of standard solutions utilizes the same methodology

except that aliquots of protein either in PBS/Tween 80 or PBS/

Tween 80/HA were pipetted into each of the respective wells in the

8‐well device and images of each well were processed individually.

Total mass/pixel values (Table 3) corresponded to median pixel

intensity values for each well with detection limited by the lowest

mass per pixel that coincides with system background. Background is

due to the combined autofluorescence of scanner tray, glass

polycarbonate chamber, quartz cover slide with anti‐fog coating,

and HA matrix in PBS, and reaches constant intensity within 30min

after the run is started. Tween 80 at 0.05% in buffer increased the

background by 198 ± 30. Overall background (=device + HA + Tween

80) was 523 ± 30.

2.7 | Image analysis and concentration mapping
(9.4 cm2 device)

The images captured by the CCD were converted from scanner format

(SCN) to image format (tiff) using Bioformat (Linkert et al., 2010) in

MATLAB R2021a (Mathworks). Images were aligned to be vertical in the

image coordinate and cropped to include only the region of interest (ROI;

Figure 2). The ROI was selected as a rectangle centered in the chamber

with boundaries that extend close to inner walls of the chamber while

avoiding the projected shadows from the chamber walls due to the

scanner lighting system. The cropped ROIs were preprocessed to first

remove the outlier pixel intensities caused by dust or air bubbles in the

gel. These were identified using a moving median window of 5 by

5 pixels. A 2D Gaussian smoothing function with a standard deviation of

2 pixels was used to suppress noise in the images and determine

background autofluorescence (Solomon & Breckon, 2011).

Background intensity was identified as the 45th percentile of the

intensity values across the image ROI after 60min. This represents

between 10% and 15% of the maximal signal for the tested proteins.

The preprocessed ROIs with protein intensity values (i.e., difference

of overall signal and background were converted to protein

concentration fields using the standard curves obtained with the

eight‐well devices (Figure 3). The resulting concentration maps

capture the movement of protein mass over time and enabled the

calculation of effective diffusion coefficients of proteins within the

HA matrix. Variability in mass accounting was 3%–10% for BSA and

1%–4% bIgG for a specific combination of device, tray, and

instrument. This approximately doubles if measurements from two

different scanners were combined into one data set before image

analysis is carried out. Additional statistical analysis was done using

MS Excel (Microsoft). Intensity values used to build the standard

curve corresponded to the median value of pixels in each ROI.

F IGURE 2 Sequence of steps involved in image processing, removing background, and generating concentration map. Image analysis
completed within a computational time of 5–20min.
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2.8 | Protein injection into in vitro simulated SC
environment

Appropriate injection protocols were necessary to accurately and

precisely place concentrated, unlabeled, protein samples at 3mm

depth into the 6mm deep into viscous, fluidic HA matrix.

Interchangeable injection guides placed on top of the single well,

9.40 cm2 chambers (Figure 1b) were fabricated to enable 20–50 μl

protein samples to be inserted at a predetermined depth (3 mm),

injection angle (90°), and position (center line of HA matrix). The

guides were machined from a 47 × 21 × 19mm3 clear cast acrylic

(Interstate Plastics) and an aluminum base plate.

This configuration differs from prior literature where protein

samples were placed into external channels (i.e., combs) at the top of a

1mm thick, crosslinked polyacrylamide matrix (Chopra et al., 2019). After

movement of the sample into the gel and electrophoresis, the stationary

protein bands were reacted withTCE to make them visible (Chopra et al.,

2019; Kazmin et al., 2002; Ladner et al., 2004). In our work, spreading of

unlabeled protein away from the 3mm deep injection point was

recorded as it occurred for elapsed times of up to 4 h.

2.9 | Pipette tip coating procedure

Injections into the matrix within the chamber must be carried out in a

manner that avoids disturbances within, and at the surface of, the HA

matrix to minimize initial sample dispersion. Surfaces coated with

BSA have reduced interactions with proteins or microorganisms

(Huang et al., 2003, 2005, 2006) while non‐stick needles utilize

metallic glass coating (Chu et al., 2016). Pipette tips were coated with

BSA/HA to form a non‐stick layer that minimizes disturbances when

the pipette tip is inserted into the HA matrix that would obscure

protein/matrix boundaries. The three‐step coating procedure using a

100 µl positive displacement pipette (Mettler‐Toledo Rainin) con-

sisted of (1) loading protein samples (20 µl) into the pipette tip and

wiping it with a lint‐free wipe; (2) slowly submersing the tip into

10mg/ml BSA in water solution, submerging for 90 s, removing, and

wiping to remove excess BSA leaving a surface coated with protein;

(3) inserting the tip into a second tube containing 10mg/ml HA in

PBS for 90 s, removing, and wiping. The coated tip is then inserted

through the injection guide and into the matrix.

2.10 | Injections into HA matrix

The coated pipette tip was then inserted through the injection guide

placed on a 9.6 cm2 chamber containing HA matrix (Figure 1b) in a

continuous gentle motion lasting about 3 s. Three injections, one per

hole, were done in sequence at approximately 1min intervals. The

injection guide was then removed and set aside. An anti‐fog‐treated

quartz slide was placed on the chamber, the chamber was placed on

the stain‐free tray, and the tray with bubble gauge (to confirm tray

(a) (b)

(c) (d)

F IGURE 3 Standard curves for fluorescent
response of unlabeled (a) IgG and (c) BSA
showing responses as a function of mass;
(b) fluorescent readings stabilize at 30min after
injection for (c) IgG and (d) BSA. Curves in
(b) and (d) for protein at an initial concentration
of 21mg/ml.
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was kept level) was inserted into the scanner. Activation, imaging,

and image processing followed. The protein begins to spread (diffuse)

within the HA matrix immediately after each injection. Consequently,

start times between the first and third injections differed by 3–5min

before fluorescence for all three protein injections was activated

simultaneously at 280 nm. Subsequent image analysis accounted for

this time difference to avoid introduction of additional variability.

3 | RESULTS AND DISCUSSION

3.1 | Standard curves and application to image
analysis

The standard curves enable the expression of pixel values in terms of

protein mass and calibration using internal standards. BSA and bovine

IgG standards in PBS/Tween 80, were run in duplicate in the same

scanners, at either 2‐ or 6‐mm depths in the eight‐well resulting in

standard curves at 60min after activation (Figure 3a,c). The standard

curves were used to quantify system response factors, and facilitated

the calculation of protein mass as well as to confirm single

concentration internal standards could be used in subsequent runs

with other proteins. The coefficient of variation of median values of

the duplicate measurements after 60min was 5.1% for BSA and 7.2%

for bIgG within a single scanner. The coefficient of variation when

compared across scanners (n = 4) was 7.1% for BSA and 5.9% for

bIgG. Straight‐line fits (y =mx + b) resulted in R2 > 0.91 (Figure 3a,c).

Intercepts of the lower fitted lines (504 ± 50) represent the combined

device and instrument background. The upper fitted lines exhibit

decreased slopes due to self‐quenching effects from increasing

protein mass (Chen & Barkley, 1998) and instrument characteristics.

This was particularly pronounced for BSA (Figure 3c), with a median

intercept of 1509 ± 143 for the upper fitted line.

The bIgG and BSA standards provided a reference so that small

aliquots of other protein samples with known concentrations may

be used as two‐point internal standards to specify slopes of

responses relative to BSA and bIgG. Extinction coefficients

allowed protein concentration in standard solutions, before

injection, to be independently determined using small (1 μl)

samples and are used to calculate protein mass (x‐axis in

Figure 4). Small sample volumes are important since only limited

amounts of concentrated protein are available during the early

stages of preclinical testing. Concentrations of internal standards

are selected to be above and below an inflection point of 0.47 μg/

pixel and below optical saturation (fluorescence intensity of 4095

for this particular model of scanner).

(a)

(c)

(b)

F IGURE 4 Effects of sample depth and
hyaluronic acid on protein at long times in eight‐
well device (a) IgG and in PBS with Tween 80
(open symbols) and with HA added (closed
symbols). Results show pixel intensity is
independent of sample depth, but is a function of
long contact time (36 h) between protein and HA
for (b) IgG, but not for (c) BSA. (b) Fluorescent
intensity as a function of HA concentrations for
IgG in contact with HA for 36 h, 6 mm depth.
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3.2 | Effect of HA on fluorescence of unlabeled
protein

The fluorescent response of bIgG in PBS/Tween 80 was stable

between 30min and 4 h and 2‐ and 6‐mm depths (example in

Figure 3b,d for protein at 21mg/ml). Figure 4a shows that fluorescent

response is independent of depth between 2mm (open circles) and

6mm (open boxes) for bIgG both in the presence and absence of HA.

When bIgG was incubated with added HA at 10mg/ml for 36 h,

before injection (=12 h mixing with HA at ambient temperature and

24 h degassing in the refrigerator at 4°C) a twofold increase in

fluorescence intensity occurred at an HA:protein ratio of 2 (Figure 4b).

The difference in intensities increased with increasing HA from 0 to

10mg/ml (Figure 4b). BSA incubated with no HA and in 10mg/ml HA

added gave similar intensities after 36 h (Figure 4c).

Counteracting effects in an HA matrix whose pH (7.4) is close to

bIgG's isoelectric point but removed from the pI (4.7) for BSA (Table 2)

help to explain the enhanced response of IgG after long (36 h) contact

with HA, and are associated with fluorescent quenching or enhance-

ment effects. Since pI≈pH for IgG, protein instability is expected, while

BSA (pI 4.7) would not be affected. Enhancement of fluorescence

through proximity or orientation of glutamine, asparagine, glutamic and

aspartic acids, cysteine, and histidine side chains by excited electron

transfer, and tyrosine and lysine by excited state proton transfer is

known to contribute to fluorescent response and cause shifts in

absorption and/or emission wavelengths (Chen & Barkley, 1998;

Johansson, 1997; Vivian & Callis, 2001).

3.3 | Selection of run conditions

The overall results informed selection of run times (i.e., 30 min to 4 h),

mass ranges (Table 3), concentrations of single‐point internal

standards for known masses of test proteins, and confirmation that

measurement of protein on a mass basis is independent of matrix

depths at between 2 and 6mm. In addition, reproducible injections

did not require premixing the protein with HA (Figure 2) thus

simplifying the assay.

3.4 | Protein mass balance in an HA matrix

Calibration curves (Figure 3a,c) facilitate the correlation of protein mass

to fluorescence and observation of the behavior of unlabeled protein at

high concentrations in an HA matrix (Figure 2). Six 20 µl injections (three

per chamber, Figure 1a for bIgG or BSA followed by imaging over 4 h

and mapping of the images using standard curves, enabled protein mass

to be accounted for based on response above background with

90%–99% of BSA (Figure 5b) and 60%–70% of IgG accounted for

(Figure 5a). IgG has a lower response than BSA (compare Figure 3a–c),

and the IgG at the outer edge approaches detection limits, resulting in a

smaller difference between signal and background and a lower

measured extent of mass recovery within the limits of the E‐Z scanner.

Increased resolution in a new model (Bio‐Rad Gel Doc Go Imaging

System) results in a larger difference between background and signal

with preliminary data indicating this is sufficient to obtain closure of the

protein mass balance of IgG as well (unpublished data).

3.5 | Diffusion

An initial estimate of the diffusion coefficient, D (cm2/s) is calculated

from D = (dt – do)
2/(32 (t – to)), assuming an isotropic matrix and

constant diffusion (Cushman‐Roisin, 2012), where dt and d0 are the

diameters of the area occupied by the protein (cm) at to and t (s)

representing elapsed times of 1 and 4 h (i.e., 3600 and 14,400 s),

(a) (b)

F IGURE 5 Calculated mass recovery from standard curves and image analysis (triangles and diamonds) for (a) IgG and (b) BSA compared to
known mass of injected protein (20 µl, 2 mg, n = 6, dotted line). Runs carried out in two separate scanners. Scanner #1 serial number
735BR06376 (open triangles) and Scanner #2 735BR06377 (open diamonds), respectively, with scanner 1, which was more heavily used, giving
an attenuated response (intensity of light source decreases over time) compared to Scanner 2. This difference results in a smaller signal‐to‐noise
ratio and a lower accounting of the fraction of protein mass that is below the detection threshold for this particular instrument. Injected protein
mass measured separately using extinction coefficients (spectrophotometric assay).
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respectively, after injection. D for IgG or BSA in a 10mg/ml HA

matrix at 24°C gave averaged values of (2.3 ± 0.2)*10−7 cm2/s for IgG

and (4.6 ± 0.2)*10−7 cm2/s for BSA with both proteins initially at

21mg/ml. This compares to reported values of 4.0 and 5.9*10−7 cm2/s

for IgG and BSA, respectively, in free solution (Hennink et al., 1996),

and 4.52 or 3.2*10−7 cm2/s for BSA in 25 and 30mg/ml HA,

respectively (Shenoy & Rosenblatt, 1995). These values are within

the expected ranges. Further analysis and modeling of the diffusion

profiles are needed and underway to account for the concentration

dependence of protein diffusion (Saluja et al., 2010), and to test mAbs.

Once validated with other proteins, the utility of this tool is anticipated

to be in testing for the differentiation of drug candidates, characteri-

zation of critical property attributes, and provision of a physico‐

chemical model anticipating a clinical attribute. Additional work is

necessary (and underway) for this method to attain a level of maturity

suitable for broader applications.

4 | CONCLUSIONS

Label‐free protein standards enabled mapping of mass as a function

of fluorescence intensities of unlabeled proteins within a 6mm deep

HA matrix that simulates the electrostatic environment of the SC

region. The developed protocols, carried out over a 30min to 4 h

time period, facilitated interrogation of behaviors of high molecular

weight concentrated proteins within a viscous, charged matrix. Once

standard curves are established—in our case these were for BSA

(MW 67 kDa, pI 4.7) and bIgG (MW 150 kDa, pI 7.0)—the resulting

calibrations were applied to the analysis of images of protein

spreading patterns. The resulting maps of injected protein mass as

a function of time illustrate concepts by which protein behavior in the

SC region and diffusion coefficients may be inferred based on in vitro

measurements. This approach has utility for comparing in vitro to in

vivo behavior of IgG type mAbs and providing data to model protein

diffusion within a matrix that simulates the SQ environment.
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