Introduction
Drug-induced nephrotoxicity is a life-threatening but common side effect,
often requiring hospitalization and frequently rendering the termination of
clinical trials; it is a major concern for pharmaceutical companies (FDA). The
toxicity originates at the cellular level due to increased levels of stressors
exerted on cells (Foufelle et al.). In the endoplasmic reticulum (ER),
specifically, excess stress induces apoptosis, programmed cell death, if it
remains unresolved for extended periods (Stroberg et al.). The ER is
responsible for the synthesis, folding, and trafficking of proteins. When its
usual functions are disturbed and a buildup of unfolded proteins develops,
chaperone proteins are key in targeting and breaking down protein
aggregates. Normally, this resolves the stress. If it advances, however,
abnormal protein production continues, usually resulting in cancerous
growth or apoptosis (Chen et al.). In addition to chaperone proteins
naturally found within cells, chemical chaperones “have recently emerged as
a potential therapeutic approach for ER stress-related diseases” (Kitakaze et
al.). These artificial chaperones can identify and dispose of misfolded
proteins or aggregates in a more specific manner.
This research focuses on drug-induced ER stress of Cyclosporine A (CsA), a
critical immunosuppressant used to prevent acute rejection in organ
transplantation and treat various autoimmune diseases (Pallet et al.). Jointly
administering CsA with chaperones in a drug delivery system may retain the
drug's immunosuppressant properties while simultaneously reducing the
nephrotoxicity it causes. In this research chaperone protein GRP78 and
chemical chaperone 4-PBA were incorporated into this complex. Transmembrane transport of these complexes is ensured by carboxyl
functionalized gold nanoparticles (AuNPs) bound covalently to the
chaperones (Lunnoo, et al.). This surface functionalization is known to bind
with complex proteins similar to GRP78 and helps prevent aggregation.
Their nontoxic nature and understood behavior within the body make them
ideal for administering substances in vivo above other classes of
functionalized nanoparticles.

Engineering Goal
The proposed research offers a concept to administer medication—known to
induce nephrotoxicity via ER stress—jointly with a complex that aids the
cell’s response to this stress. This will be evaluated for effectiveness with the
immunosuppressant Cyclosporine A, known to cause ER stress and toxicity in
renal tubular epithelial cells. The drug will be jointly administered with a
complex of chaperones (both chemical and protein will be tested) bound
covalently to AuNPs. This upregulation of chaperones will aid the cell by
guiding the protein folding process even before CsA-induced misfolding
inevitably overwhelms the ER pathway and the cell itself.

A Novel Drug Delivery System of Gold-Nanoparticle—
Chaperone complex to successfully mitigate Drug-induced
Nephrotoxicity, an unwanted Side Effect in Organ
Transplant Medications
Variation I
The GRP78—AuNP solution was created with a 2:1 AuNP to GRP78 ratio,
diluted to 3μmol/L with growth medium. After the solution was shaken
for 1 minute and let rest 5 minutes prior to administration, covalent
bonding of the GRP78—AuNP complex was confirmed. A 3μmol/L
concentration ensures that HRPTEpC are exposed to low levels of AuNPs,
avoiding toxicity (Marișca et al.). 0.7 mL of this solution was administered
to respective wells.

Cyclosporine A
Upon CsA’s introduction into clinical
practice,
post-transplant
survival
improved drastically (Sereno et al.). A high
dose is necessary for proper function;
however, high, long-term doses of CsA
treatment have shown “progressive and
irreversible destruction of renal function,”
Figure 1: ATR-FTIR spectra of Cyclosporine A.
specifically affecting renal tubular
epithelial cells (Pallet et al.). Its avoidance has proven unsuccessful, as few
drugs mirror its immunosuppressant capabilities, and dose reduction is
ineffective. Therefore, the current administration of CsA is reserved. On the
cellular level, CsA induces ER stress by disturbing the balance of Ca2+ and
impending proper protein folding in the ER. Both factors activate the ER
stress response and after continued ER stress, the organelle becomes
functionally impaired, signaling for apoptosis (Malcom). Apoptosis amongst
many individual renal cells results in nephrotoxicity on a large scale.

Variation I
treated with
CsA

Cell density: 4.74 x
105 cells per cm2

Cell density: 5.06 x
105 cells per cm2

Variation I
not treated
with CsA

Cell density: 8.35 x
105 cells per cm2

Cell density: 5.86 x
105 cells per cm2

Figures 4a-d: HRPTEpC in 24-well plate.
Images under inverted microscope,
320x magnification.
Day 7 (a, c) and day 8 (b, d).

The 4-PBA—AuNP solution was created at a 1:1 4-PBA to AuNP ratio,
diluted to 10μmol/L with growth medium. It was shaken for 1 minute and
let rest for 5 minutes prior to administration, and covalent bonding was
confirmed. A 10μmol/L concentration ensures effectiveness of 4-PBA
while HRPTEpC are exposed to low levels of AuNPs, avoiding toxicity
(Suzuki et al.). 0.7mL of this solution was administered to respective
wells.

Variation II
treated with
CsA

(c)

(a)

Variation II
not treated
with CsA

(c)

Growth medium

Cyclosporine A

Administered to 4 wells of untreated HRPTEpC.
Administered to 3 wells of untreated HRPTEpC.
• Confirmed regular growth of cell cultures, results CsA diluted with PBS buffer solution and growth
medium for final concentration of 4 μM
used as benchmark for experimental variations.
(representing normal dosage of CsA in vivo).
Cell density: 2.128
Cell density: 2.240
• Confirmed drastic, negative effects on cell
x 106 cells per cm2
x 106 cells per cm2
health, morphology, and density.
Cell density: 6.23 x
105 cells per cm2

Administered to 3 wells of untreated HRPTEpC.
• Confirmed little to no AuNP
particle toxicity interfering
with cellular processes.
Fig. 8: Carboxyl functionalized 20 nm AuNPs.
Fig. 9: ATR-FTIR spectra of AuNPs.
Figure 8 Fig. 10: HRPTEpC day 7 in 24-well plate, 320x mag.
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Figures 6a-d: HRPTEpC day 7 in 24-well
plate. Images under inverted microscope,
320x magnification.
Day 7 (a, c) and day 8 (b, d).
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Figure 5: Diagram of V. II experimental administration.
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Figures 7a-d: HRPTEpC day 7 in 24-well plate. Images under inverted
microscope, 320x magnification.
Cells given growth medium (a-b, above), cells given CsA (c-d, right).
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Subculture and care of HRPTEpC
Proliferating HRPTEpC were cultured according to Cell Applications, Inc.

Throughout experimental trials, cells remained in a 37oC, 5% CO2 humidified
incubator with a loosened cap to allow for gas exchange. 5mL of growth
medium was added to T-25 flask and changed every other day.
HRPTEpC remained in T-25 flask until day 3.
During subculturing, cells were visually round and detached from the flask.
0.7mL of the cell suspension was transferred to each well of the 24-well plate
for an approximate seeding density of 5.0 x 104. Growth medium was changed
every other day at 0.7 mL per well.
As cells neared 75% confluency, experimental trials began (day 6).
Cell density: 4.28 x
105 cells per cm2

Cell density: 9.52 x
105 cells per cm2

(a)

Thioflavin T Fluorescence Analysis
Thioflavin T (ThT) binds selectively to protein aggregates and other ER stress markers which
directly correlate to the fluorescence intensity observable within the cell.
*Note that some images have a deposition of fluorescence directly bordering cells. If this is in
the extracellular space only, there is no fluorescence—nor ER stress markers—inside cells.
Dark/black colored cells are considered to be healthy with no signs of ER stress.
Bright/green colored cells have ER stress markers present which interact with ThT
molecules (undergoing ER stress).
As anticipated, the delivery of CsA promoted significant ThT fluorescence within cells,
indicating measurable ER-stress, and the use of AuNPs produced little/no ER stress,
signifying particle toxicity was not present. The fluorescence intensity of the GRP78–AuNP
complex treated (with CsA) did show ER stress was present, suggesting limited effectiveness
in mitigating CsA-induced ER stress. The PBA—
AuNP complex (with and without CsA), however,
had the lowest relative fluorescence to the
growth medium control, signifying the complex’s
success.

ThT Statistical Analysis

Cell density: 7.31
x 105 cells per cm2

(b)

(c)

Figures 2a-c: HRPTEpC under inverted microscope, 100x magnification. Upon arrival (a, left), day 3 directly
post trypsinization (b, middle), day 4 (c, right).

Figure 11: Graph comparing relative ThT fluorescence
intensity at 570nm of the various experimental conditions.

Growth medium
Relative fluor. at
570nm = 0

CsA
Relative flour. at
570nm = 211.5

AuNPs
Relative fluor. at
570nm = 6.2

V. I with CsA
Relative fluor. at
570nm = 83.1

V. I with CsA
(see above)

V. I, no CsA
Relative fluor. at
570nm = 7.8

V. II with CsA
Relative fluor. at
570nm = 0.3

V. II with CsA
(see above)

V. II, no CsA
Relative fluor. at
570nm = 1.1

Figure 12: HRPTEpC day 8 in 24-well plate. Images under inverted microscope, 320x
magnification. ThT fluorescence present in all images (48 hours after treatments given).

To quantify ThT fluorescence intensity, the
exposure of the images was first darkened to consistently show only the presence or absence of fluorescence
inside HRPTEpC. Images were analyzed with ImageJ to produce RGB color indices to produce a summative Gvalue (per image) representing the relative, comparable emission at 570nm. Finally, to create a relative
intracellular-ThT response model for ER stress, all emissions were background-corrected, or compared to that
of the medium-control, to produce a relative ThT-based response result for each delivery-mechanism (Fig. 11).
Unless otherwise noted, all images and graphs were taken or created by the student researcher.

Wells treated with CsA and administered with
either Variation I or II all showed a common,
but surprising, development. Morphology in
these wells appeared slightly irregular and cell
density was lower in the initial observation; 20
hours post treatment. However, upon a second
observation, 48 hours post treatment, these
abnormalities seemed to have resolved, as cell
density increased and morphology showed
regular, round, and evenly distributed cells. To
reemphasize, Variation II was significantly
more effective than Variation I. Still, this
delayed period of cellular recovery may suggest
that the complex of Variation II (4-PBA—AuNP)
does not mitigate CsA’s effects immediately (or,
in other words, as the ER stress unfolds), but
after they have developed. Thus, cells undergo
ER stress for a brief period of time, but the 4PBA—AuNP complex helps cells recover with
greater effectiveness in under 48 hours.

Taken 20 hours post treatment.
Cell density: 5.40 x
105 cells per cm2

Taken 48 hours post treatment.
Cell density: 1.545
x 106 cells per cm2

Figures 13a-b: V. II treated with CsA in
24-well plate. Images under inverted
microscope, 320x magnification.
Day 7 (top), day 8 (bottom).

Discussion & Results
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Figure 3: Diagram of V. I experimental administration.

Hypothesis
It is hypothesized that Cyclosporine A, administered jointly with an AuNP—
chaperone complex, will produce a lower relative amount of ER stress
biomarkers in renal cells, relative to administration of CsA, alone. It is also
predicted that AuNPs will have no adverse effects due to their nontoxic
nature, and that these particles will successfully aid the chaperone complex
in crossing the cell membrane. Finally, it is predicted that the trials
conducted with 4-PBA, the chemical chaperone, and those with GRP78, the
chaperone protein, will produce comparative results in mitigating CsAinduced ER stress and, ultimately, prevent cellular apoptosis.

Delayed Change in Morphology

These experiments bring forth multiple important conclusions. First, the
control solutions presented expected results. The growth medium control
established a baseline of an average cell density of 1.601 x 106 cells per cm2,
average cell size of 20μm, and no relative
ThT fluorescence.
Cells treated with CsA showed obviously
altered and inconsistent morphology. The
average cell size was 4μm and the
irregular spike in Figure 15’s green line
shows the abnormal cell growth with
approx. 520 cells being of this diameter.
Figure 14: Graph comparing cell densities
of the various experimental conditions.
The average cell density was irregular
and low at 7.58 x 105 cells per cm2 (Figure 14), and relative fluorescence
was markedly increased (Figure 11). Treatment of CsA shows clear
indicators of ER stress and the decreased number of adherent cells suggest
large-scale cellular apoptosis across these cultures.
Cells treated with carboxyl functionalized AuNPs also produced expected
results: normal morphology was recorded, the average cell size was 22μm
(Figure 15), and average cell density was 1.162 x 106 cells per cm2. This
difference in cell density to the growth medium control does not suggest
AuNP toxicity, as high levels of ThT fluorescence (Figure 11) would have to
be present in the case of ER stress (from particle-toxicity). As this is not the
case, these AuNPs were not at toxic levels intracellularly.
Cells treated with Variation I (Grp-78—
AuNP complex) showed lower density and
slightly abnormal morphology, which was
unexpected. While cells did have a normal
cell size (22μm) and shape (round), a
significantly lower average cell density of
8.59 x 105 cells per cm2 was calculated
(Figures 14 and 15). Additionally, the Figure 15: Graph comparing average cell
size (and number of cells per size) of the
relative fluorescence was 83.1 at 570nm
various experimental conditions.
(Figure 11) suggesting the presence of ER
stress, and thus, limited effectiveness in mitigating CsA-induced ER stress.
Cells tested for the effectiveness of Variation II (4-PBA—AuNP complex)
produced consistent results, aligning with the initial hypothesis. Cells
treated (with CsA) showed clear similarities to both the untreated Variation
II cells and the growth medium control. The average cell density was 1.205 x
106 cells per cm2 (Figure 14), comparative to the AuNP control and
untreated V. II. This decrease in cell density of these three experimental
treatments is likely because HRPTEpC were treated with a solution other
than pure growth medium (the optimal condition for optimal growth), thus
slightly hindering growth. Cells were consistently shaped, distributed, and
of normal size at 22μm (Figure 15). Finally, ThT fluorescence was relatively
low at 0.3 at 570nm (Figure 11). Thus, Variation II is effective in mitigating
CsA’s nephrotoxic effects, producing cells of normal morphology 48 hours
after receiving a CsA dosage of 4 μM in vitro—comparable to the
concentration found in the bloodstream.

Conclusions
These findings, and the effectiveness of Variation II (4-PBA—AuNP complex),
have important implications in the field of drug delivery as well as
conceptual implications for medications causing nephrotoxicity as a side
effect. The liver is primarily involved in the filtration of medications and
toxins of the bloodstream, so its cells are often damaged by various stressors,
including those causing prolonged ER stress. The resulting acute kidney
injury has serious consequences like hospitalization (Shahrbaf, et al.). While
more testing is required, this research presents a drug delivery system of a 4PBA—AuNP complex which successfully mitigates CsA’s toxic and ER stressinducing effects on renal cells. In the future, this drug delivery system may
enable the use of various medications with primarily beneficial therapeutic
effects, without the undesired side effect of drug-induced nephrotoxicity.

Future Work
• Further trials in a laboratory specialized in cellular experiments and with
a larger cell culture to prove consistency of results.
• Further exploration/analysis of the delayed morphological changes in
cells treated with Variation I and II and CsA, as noted previously.
• Quantitative analysis of Ca2+ output (cells naturally expel Ca2+ during their
ER stress response) to further validate when/if a cell undergoes ER stress.

