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Abstract
Drug-induced nephrotoxicity is not only life-threatening but also one of the most frequent causes of
drug termination during clinical trials or withdrawal from the market. Cyclosporine A (CsA), an
immunosuppressant highly effective and necessary for post-transplant survival, is known to cause
nephrotoxicity by initiating endoplasmic reticulum (ER) stress in renal cells. Normally, cells
upregulate chaperone proteins to counter ER stress. However, prolonged ER stress leaves the
organelle functionally impaired, thus signaling apoptotic cell death and causing long-term harm to
the kidney. This research sought to counter these effects via a novel drug complex (gold
nanoparticles, AuNPs, bound to a chaperone) administered jointly with CsA, tested with GRP78
(chaperone protein) and 4-PBA (chemical chaperone). Carboxyl-functionalized AuNPs were used to
promote the covalent binding to these large, complex chaperones, facilitating trans-membrane
transport. Results were quantitatively analyzed via HRPTEpC cell density studies, average cell size,
and ER stress (via the Thioflavin T fluorescence marker), and qualitatively via observed
morphology. As anticipated, delivery of CsA alone promoted both significant reduction in cell size
(4um) and ER stress. Introduction of Variation-I (AuNP-GRP78 with CsA) showed inconclusive
results, with altered morphology in some treated wells. Introduction of CsA via Variation-II
(AuNP—4-PBA with CsA), however, showed 20-22um cell size and cell density comparable to that of
growth-medium alone (control), with no detectable ER stress within 48 hours post administration.
As such, these findings have important implications for drug-delivery systems, with the conceptual
use of AuNP-complexes to mitigate medications’ harsh, ER stress inducing side effects on the kidney.
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Introduction
Drug-induced nephrotoxicity is a life-threatening but common side effect often requiring
hospitalization (Ghane Shahrbaf et al.). Additionally, it frequently causes drug termination during
clinical trials or withdrawal from the market, making it a major concern for pharmaceutical
companies and within the field of clinical medicine (FDA). The toxicity originates at the cellular
level due to increased levels of stressors exerted on cells (Foufelle et al.). Among these, endoplasmic
reticulum (ER) stress has been found to induce apoptosis, programmed cell death, if it remains an
unresolved stressor for extended periods of time (Stroberg et al.). The endoplasmic reticulum is the
organelle responsible for the synthesis, folding, and trafficking of proteins, as well as for Ca2+
storage. When its usual functions are disturbed, a buildup of unfolded proteins develops, and high
levels of intracellular Ca2+ storage build up in the cell’s cytoplasm. This unleashes a variety of coping
mechanisms. The cell first releases biomarkers signaling a stop to the production of new proteins,
then initiates the unfolded protein response (UPR) by releasing three key ER stress sensors IRE1,
PERK, and ATF6 (Halperin et al.). These biomarkers signal to increase the production of chaperone
proteins and other folding enzymes. Chaperone proteins are a normal part of the cell, routinely
regulating ER function, but upregulated during ER stress. Most commonly, calreticulin, GRP94
(glucose-regulated protein 94), GRP78 (glucose-regulated protein 78), and BiP (binding
immunoglobulin protein) are the chaperone proteins involved in this response (Halperin et al.).
These proteins target protein aggregates and other abnormalities to be broken down and guide the
protein folding process once it’s resumed, effectively resolving the stress. If it continues, however,
abnormal protein production or cell growth (cancerous cells) can occur, resulting in "a wide range
of human diseases [including] neurological, kidney, lung, and cardiovascular disease, diabetes, and
inflammatory diseases" (Chen et al.). To prevent this, the cell undergoes apoptosis by producing
proapoptotic proteins, most commonly the enhancer-binding protein CHOP (Foufelle et al.).
Apoptosis amongst many individual renal cells results in nephrotoxicity and even kidney failure on
a large scale.
This research focuses on reducing the side effect of ER stress of an otherwise beneficial medication.
Cyclosporine A (CsA) is a critical immunosuppressant used to prevent acute rejection in organ
transplantation and treat various autoimmune diseases (Pallet et al.). Upon its 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
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“progressive and irreversible destruction of renal function,” 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. The drug’s side effects are majorly concentrated on renal tubular
epithelial cells, as the organ plays a primary role in filtering medications, like CsA, from the body. 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 by releasing common
biomarkers associated with the UPR.
It is predicted that jointly administering CsA with chaperones in a drug delivery system will retain
the drug's successful immunosuppressant properties while simultaneously reducing the
nephrotoxicity it causes. This research proposes a variety of experimental variables to determine
whether the artificial upregulation of a chaperone protein (GRP78) or a chemical chaperone
(4-PBA) is effective in countering CsA-induced ER stress. Chemical chaperones “have recently
emerged as a potential therapeutic approach for ER stress-related diseases” (Kitakaze et al.). These
artificial chaperones can be used to identify and dispose of misfolded proteins or aggregates in a
more specific manner. The chaperones’ absorption through the cell's membrane, however, is
unlikely as they are relatively large and charged molecules. Hence, this research uses gold
nanoparticles (AuNPs) bound covalently to the chaperones, which is predicted to facilitate
trans-membrane transport. AuNPs have been used in recent research relating to drug delivery as
they are known to bind covalently or chemically cross-link to molecules, transporting them across
the hydrophobic membrane of cells (Lunnoo, et al.). Specifically, carboxy functionalized AuNPs will
be used as this surface functionalization is known to bind with complex proteins similar to GRP78,
and it helps prevent aggregation of the complex while maintaining its stability. Their nontoxic
nature and understood behavior within the body make them ideal for administering substances in
vivo above other classes of functionalized nanoparticles.
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Engineering Goal
The proposed research offers a concept to administer medication—known to induce unwanted
nephrotoxicity through ER stress—jointly with a complex that aids the cell’s response to this stress.
This will be tested 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.

Hypothesis
It is hypothesized that Cyclosporine A administered jointly with an AuNP—chaperone complex will
produce a lower relative amount of ER stress biomarkers than when CsA, alone, is administered to
renal cells. 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 CsA-induced ER stress
and, ultimately, prevent cellular apoptosis.

Materials
1. Proliferating Human Renal Proximal Tubular Epithelial Cells (HRPTEpC) (Cell Applications,
Inc. Catalog No. 930K-05A)
2. Human RenaEpi Growth Medium (Cell Applications, Inc.)
3. Subculture Reagent Kit (HBSS, Trypsin/EDTA & Trypsin Neutralizing Solution) (Cell
Applications)
4. Cyclosporine A (Allivet)
5. Chaperone protein GRP78 (Glucose Regulated Protein 78) (Abcam)
6. 4-Phenylbutyric acid (4-PBA) (Sigma Aldrich)
7. Thioflavin T (ThT) (fluorescence signifying ER stress output) (Sigma Aldrich)
8. Gold nanoparticles, carboxyl functionalized 20 nm particles (NanoHybrids)
9. Trypan blue (Sigma Aldrich)
10. Inverted microscope (with fluorescence capabilities)
11. ATR-FTIR spectroscopy
12. Hemocytometer
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Methodology
1. Proliferating HRPTEpC cultured according to Cell Applications, Inc.
a. Upon arrival, ensure cells remain attached to T-25 flask. Place in a “37°C, 5% CO2 humidified
incubator with loosened cap to allow gas exchange” (Cell Applications, Inc.).
b. Remove the Transport Medium by aspiration. Add fresh Growth Medium (5 ml) and place
back into incubator. Change medium every other day.
HRPTEpC maintained in T-25 flask for 3 days.

Figure 1: HRPTEpC upon arrival in T-25 flask. Image under
inverted microscope, 100x magnification. Cell density of
4.28 x 105 cells per cm2

Figure 2: HRPTEpC day 3 in T-25 flask. Image under
inverted microscope, 100x magnification. Cell density of
6.19 x 105 cells per cm2

c. Subculture HRPTEpC. Performed 3 days post arrival.
i.
Remove medium from culture flasks by aspiration.
ii.
Wash monolayer of cells with HBSS buffer solution and remove solution by
aspiration.
iii.
Pipette 4 ml of Trypsin/EDTA Solution into the T-25 flask. Rock flask gently to
ensure the solution covers all cells.
iv.
Re-cap the flask and monitor trypsinization progress at room temperature under an
inverted microscope for 60 seconds.
v.
Aspirate Trypsin/EDTA. Re-cap the flask and place in an incubator for 30 seconds to
1 minute.

Figure 3: HRPTEpC day 3 post
trypsinization. Image under inverted
microscope, 100x magnification. Cell
density of 9.52 x 105 cells per cm2

Figure 4: HRPTEpC day 4. Image under
inverted microscope, 100x
magnification. Cell density of 7.31 x
105 cells per cm2

Figure 5: HRPTEpC day 4. Image under
inverted microscope, 320x
magnification. Cell density of 8.99 x
105 cells per cm2
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vi.
vii.
viii.
ix.
x.
xi.
xii.
xiii.

xiv.

Release rounded cells. If the cells are not visually detached, place the flask into the
incubator for an additional thirty seconds, then repeat.
Pipette 2.5 ml of Trypsin Neutralizing Solution into the flask.
Transfer the cell suspension from the flask to a 50 ml sterile conical tube.
Rinse flask with an additional 2.5 ml of Trypsin Neutralizing Solution and transfer
the solution into the same conical tube.
Centrifuge the conical tube at 220 x g for 5
minutes to pellet the cells.
Aspirate the supernatant from the tube without
disturbing the cell pellet.
Flick the tip of the conical tube with your finger
to loosen the cell pellet.
Resuspend the cells in 2 ml of RenaEpi Cell
Growth Medium by gently pipetting the cells to
break up the clumps.
Count the cells with hemocytometer.

d. Transfer cell suspension to 24-well plate. Pipette .7 mL cell suspension per well for approx.
0.05 x 106 seeding density (Thermo Fisher).
e. Incubate for 24 - 48 hours and observe under inverted microscope.
f. Continue to change medium every other day.

Figures 7a-b: HRPTEpC day 5 in 24-well plate, untreated. Image under
inverted microscope, 320x magnification. Cell density of 2.851 x 106
and 1.919 x 106 cells per cm2, respectively.

Figures 8a-b: HRPTEpC day 6 in 24-well plate, untreated. Image
under inverted microscope, 320x magnification. Cell densities of
2.449 x 106 and 1.815 x 106 cells per cm2, respectively.

2. Prepare variations I and II.
a. Variation I: GRP78—AuNP complex.
i.
Create GRP78—AuNP solution at 2:1 AuNP to GRP78 ratio, diluted to 3μmol/L with
growth medium.
ii.
Gently shake for 1 minute and let rest for 5 minutes prior to administration.
iii.
Confirm covalent bonding of GRP78—AuNP complex via ATR-FTIR spectroscopy and
Dynamic Light Scattering (DLS) to demonstrate increased size of the AuNPs as it
relates to surface functionalization and binding to complex.
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3μmol/L concentration ensures HRPTEpC are exposed to low levels of AuNPs,
avoiding toxicity (Marișca et al.).
b. Variation II: 4-PBA—AuNP complex.
i.
Create 4-PBA—AuNP solution at 1:1 4-PBA to AuNP ratio, diluted to 10μmol/L with
growth medium.
ii.
Gently shake for 1 minute and let rest for 5 minutes prior to administration.
iii.
Confirm covalent bonding of 4-PBA—AuNP complex via ATR-FTIR spectroscopy and
Dynamic Light Scattering (DLS) to demonstrate increased size of the AuNPs as it
relates to surface functionalization and binding to complex.
10μmol/L concentration ensures effectiveness of 4-PBA while HRPTEpC are exposed
to low levels of AuNPs, avoiding toxicity (Suzuki et al.).
3. Prepare CsA.
a. Dilute CsA with PBS buffer solution and growth medium to final concentration of 4 μM.
This represents the normal dosage of CsA for immunosuppressive properties and is based
on the 15 mg/kg dosage determined by Pallet et al.
4. Administer variations I and II and control solutions to HRPTEpC according to modified
methodology of Han et al.
Before HRPTEpC have reached confluency (day 6)
a. Aspire growth medium and wash twice with HBSS buffer solution.
b. Administer .7mL of each solution in respective well.
Control, no treatment (growth medium only)
i.
Administered to 3 wells of untreated HRPTEpC.
→ predicted to show regular cell growth.
Control for CsA’s undesired cell toxicity
i.
Administered to 4 wells of untreated HRPTEpC.
→ predicted to show drastic, negative effects on cell health and density.
Control to demonstrate no AuNP toxicity present
i.
Administered to 3 wells of untreated HRPTEpC.
→ predicted to show little/no results interfering with cellular processes in the
presence of AuNPs (linked to toxicity in some studies/experiments).
Variation I: GRP78—AuNP complex.
i.
Administered to 3 wells of untreated HRPTEpC
→ predicted to have little/no results interfering with cellular processes in the absence
of CsA treatment.
ii.
Administered to 4 wells of HRPTEpC treated with CsA
→ predicted to show low/no cellular distress or death despite CsA treatment.
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Variation II: 4-PBA—AuNP complex.
i.
Administered to 3 wells of untreated HRPTEpC.
→ predicted to show little/no results interfering with cellular processes in the absence
of CsA treatment.
ii.
Administered to 4 wells of HRPTEpC treated with CsA.
→ predicted to show low/no cellular distress or death despite CsA treatment.
c.
d.
e.
f.

Place well plate back in incubator for 4 hours.
Aspirate solutions and wash twice with HBSS buffer solution.
Add .7 mL fresh growth medium in each well and place back in incubator for 20 hours.
Observe under inverted microscope—results shown and analyzed in Results section.

5. Observe HRPTEpC under inverted microscope (and record images) 48 hours post administration of
solutions in Step 4 to note changes or developments after a period of rest.
6. Observe ER Stress output via ThT fluorescence imaging (modified methodology of Beriault et al.).
a. Aspire growth medium and wash twice with HBSS buffer solution.
b. Add .4 mL ThT solution diluted with PBS buffer for a final concentration of 5μM to each well.
c. Place in dark for 5 minutes.
d. Observe under inverted microscope—results shown and analyzed in Results section.

ThT Fluorescence Analysis
ThT “has been shown to bind selectively to protein aggregates, particularly β-sheets” (Beriault et
al.). When ThT binds to these abnormalities and other ER stress markers, a bright fluorescence can
be observed inside the cell. Based on the findings of “Detection and quantification of endoplasmic
reticulum stress in living cells using the fluorescent compound, Thioflavin T,” ThT fluorescence
indicates misfolded proteins, and there has been a “direct correlation [found] between ThT
fluorescence intensity and UPR activation in living cells” (Beriault et al.). Hence, this research
considers dark/black colored cells to be healthy and showing no signs of ER stress according to the
fluorescence analysis. In contrast, bright/green colored cells do have ER stress markers present,
which ThT molecules can interact with and, therefore, are considered to be undergoing ER stress. It
is important to note that some images have a deposition of fluorescence, directly bordering
individual cells (shown especially in Figures 14b and 24c in Results). While this presents as brightly
concentrated fluorescence, it is in the extracellular space only, and there is no fluorescence inside
the cells. During analyses, these cells are considered normal, as ThT molecules have not bound to ER
stress markers within the cells.
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Results
Control: Only growth medium

Figure 9a-b: HRPTEpC day 7 in 24-well plate. Image under inverted
microscope, 320x magnification. Cell density of 2.128 x 106 and 2.240 x
106 cells per cm2, respectively.

Figure 10a-b: HRPTEpC day 8 in 24-well plate. Image under inverted
microscope, 320x magnification. ThT fluorescence present. Cell
density of 1.710 x 106 and 8.43 x 105 cells per cm2, respectively.

Notable observations:
● Average cell density of 1.601 x 106 cells per cm2.
● Average cell size is 20μm (the normal size according to Cell Applications, Inc.). Round,
uniformly-shaped cells observed.
● In the majority of recorded images, cells are evenly distributed amongst wells.
● Comparable to published records of HRPTEpC cultures.
● Relative fluorescence at 570nm = 0. ThT fluorescence images show little/no fluorescence
inside cells (signifying low/no levels of ER stress).
○ Image 10b shows bright fluorescence around cells, however, none is observed inside,
so it is concluded that no ER stress is present in these cells.

Control: CsA

Figure 11a-b: HRPTEpC day 7 in 24-well plate. Image under inverted
microscope, 320x magnification. Cell density of 6.23 x 105 and 4.10 x
105 cells per cm2, respectively.
*note abnormal growth affects cell density

Figure 12a-b: HRPTEpC day 8 in 24-well plate. Image under inverted
microscope, 320x magnification. ThT fluorescence present. No cell
density recorded in figures a-b (due to abnormal cell growth).

Notable observations:
● Average cell density of 7.58 x 105 cells per cm2.
● Average cell size is 4μm, significantly less than known cell size of 20μm. Abnormal cell shape
and distribution observed.
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●
●

Cell morphology is varied from well to well (Figure 11a and 11b are taken in different wells
and show very different characteristics, although they have both been treated with CsA).
Relative fluorescence at 570nm = 211.5. Bright green fluorescence can be observed inside all
records of these cells (despite the variations in morphology), signficing ER stress markers
present.

Control: AuNPs

Figure 13: HRPTEpC day 7 in 24-well
plate. Image under inverted
microscope, 320x magnification. Cell
density of 1.405 x 106 cells per cm2

Figure 14a: HRPTEpC day 8 in 24-well
plate. Image under inverted
microscope, 320x magnification. ThT
fluorescence present. Cell density of
9.64 x 105 cells per cm2

Figure 14b: HRPTEpC day 8 in 24-well
plate. Image under inverted
microscope, 320x magnification. ThT
fluorescence present. Cell density of
1.116 x 106 cells per cm2

Notable observations:
● Average cell density of 1.162 x 106 cells per cm2.
● Average cell size is 22μm, comparable to known cell size of 20μm. Uniform cell shape and
relatively uniform distribution observed.
● Relative fluorescence at 570nm = 6.2. Little to no bright fluorescence inside cells in Figures
14a-b, as well as other images recorded from these wells.
● Confirms AuNPs at this concentration cause little/no nanoparticle toxicity in culture.

Variation I: GRP78—AuNP complex, untreated

Figure 15a: HRPTEpC day 7 in 24-well
plate. Image under inverted

Figure 15b: HRPTEpC day 7 in 24-well
plate. Image under inverted

Figure 16: HRPTEpC day 8 in 24-well
plate. Image under inverted
microscope, 320x magnification. ThT
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microscope, 320x magnification. Cell
density of 5.86 x 105 cells per cm2

microscope, 320x magnification. Cell
density of 8.35 x 105 cells per cm2

fluorescence present. Cell density of
9.31 x 105 cells per cm2

Notable observations:
● Average cell density of 7.84 x 105 cells per cm2.
● Average cell size is 22μm, comparable to known cell size of 20μm. Relatively uniform cell
shape and distribution observed.
● Abnormal cell growth in Figure 15b (significantly larger cell in right, middle area) signifying
unhealthy cell growth.
● Relative fluorescence at 570nm = 7.8. Little/no bright fluorescence apparent inside cells in
Figure 16 showing little/no ER stress present.

Variation I: GRP78—AuNP complex, treated with CsA

Figure 17: HRPTEpC day 7 in
24-well plate. Image under
inverted microscope, 320x
magnification. Cell density of 4.74
x 105 cells per cm2

Figure 18: HRPTEpC day 8 in
24-well plate. Image under
inverted microscope, 320x
magnification. Cell density of
5.06 x 105 cells per cm2
Taken 48 hours post treatment.

Figure 19a-b: HRPTEpC day 8 in 24-well plate. Image under inverted
microscope, 320x magnification. ThT fluorescence present. Cell
density of 1.004 x 106 and 9.80 x 105 cells per cm2, respectively.

Notable observations:
● Average cell density of 8.59 x 105 cells per cm2.
● Average cell size is 22μm, comparable to known cell size of 20μm.
● Shape differed between initial observation 20 hours post treatment (Figure 19) and 48
hours post treatment (Figure 20). Cell size, shape, and distribution became more uniform.
● Relative fluorescence at 570nm = 83.1, but morphology and fluorescence intensity also
varied between Figures 21a-b, the latter showing abnormal cell growth, size, and
fluorescence.
● Results appear inconsistent amongst images recorded in these Variation I-treated wells.
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Variation II: 4-PBA—AuNP complex, untreated

Figure 20a: HRPTEpC day 7 in 24-well
plate. Image under inverted
microscope, 320x magnification. Cell
density of 2.023 x 106 cells per cm2

Figure 20b: HRPTEpC day 7 in 24-well
plate. Image under inverted
microscope, 320x magnification. Cell
density of 6.66 x 105 cells per cm2

Figure 21: HRPTEpC day 8 in 24-well
plate. Image under inverted
microscope, 320x magnification. ThT
fluorescence present. Cell density of
1.341 x 106 cells per cm2

Notable observations:
● Average cell density of 1.343 x 106 cells per cm2.
● Average cell size is 20μm (the normal size). Uniform cell shape.
● Varying distribution and cell density. Figures 17a-b are from different wells and present
different cell densities and distribution, despite receiving the same treatment.
● Relative fluorescence at 570nm = 1.1. Little/no bright fluorescence apparent inside cells in
Figure 18 showing little/no ER stress present.

Variation II: 4-PBA—AuNP complex, treated with CsA

Figure 22: HRPTEpC day 7 in
24-well plate. Image under
inverted microscope, 320x
magnification. Cell density of 5.40
x 105 cells per cm2

Figure 23: HRPTEpC day 8 in
24-well plate. Image under
inverted microscope, 320x
magnification. Cell density of
1.545 x 106 cells per cm2
Taken 48 hours post treatment.

Figure 24a-c: HRPTEpC day 8 in 24-well plate. Image under inverted
microscope, 320x magnification. ThT fluorescence present. Cell density
of 1.393 x 106, 1.440 x 106, and 1.396 x 106 cells per cm2, respectively.

Notable observations:
● Average cell density of 1.205 x 106 cells per cm2.
● Average cell size is 22μm, comparable to known cell size of 20μm.
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●

●

●

Average Morphology differed between initial observation 20 hours post treatment (Figure
22) and 48 hours post treatment (Figure 23). Cell size and shape became more uniform and
similar in morphology to control. Cell density increased as well from 5.40 x 105 to 1.545 x
106 cells per cm2 (Figures 22 and 23, respectively).
Relative fluorescence at 570nm = 0.3. Little/no fluorescence inside cells, signifying little/no
ER stress present in figures 24a-c.
○ Figure 24c appears slightly inconsistent with cell distribution in Figures 24a-b,
however this difference does not appear significant. Variations in cell density are not
statistically significant either.
Results appear more consistent in Variation II than in Variation I.

ThT Fluorescence Statistical Analysis
To quantify ThT fluorescence
intensity, the exposure of the
recorded fluorescent images was
first darkened so that all images
were consistent, showing only
the presence or absence of
fluorescence inside HRPTEpC.
Each of these images was
analyzed via ImageJ to produce
RGB color indices per
x-dimension, and from this data
analysis, a summative G-value
(per image) was produced. These
summative G-values represent the
relative, comparable emission at 570nm, due to ThT fluorescence within cells, for each of the
CsA-related delivery mechanisms studied.
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, highlighted in Figure 25. As anticipated, while
delivery of CsA promoted significant ThT fluorescence within cells, indicating measurable ER-stress,
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the use of AuNPs produced little/no ER stress, while the delivery mechanism of PBA-AuNPs (with
and without CsA) produced no statistically significant levels of ER stress.
Discussion
These experiments have brought forth multiple important conclusions. First, the control solutions
administered to certain wells of the HRPTEpC presented expected results. The growth medium
control produced cells of normal morphology, round and uniform in shape. In addition, an average
cell density of 1.601 x 106 cells per cm2 was calculated (Figure 26), which is considered within
normal limits for cells shortly
before confluency in 24-well
plates

(Thermo

Fisher).

Additionally, the average cell size
recorded of 20μm aligns with
the expected size of HRPTEpC,
according to Cell Applications,
Inc. (Figure 27). Lastly, no
relative ThT fluorescence was
observed inside these cells upon
fluorescence

analysis

(Figure

25), revealing that no significant
amounts of ER stress markers
are present inside these cells.
Wells treated with CsA showed
cells with obviously altered and
inconsistent morphology. The
average cell size was 4μm, with
approximately 520 cells being of
this diameter. Shown by the
irregular spike in the green line
in Figure 27, this finding shows
the distorted morphology CsA
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treatment can produce; these findings are suggestive of the medication’s toxic nature. Despite the
unusual increase in number of (much smaller) cells recorded in these wells, the average cell density
of healthy cells was only 7.58 x 105 cells per cm2 (Figure 26), clearly lower than the expected range.
Additionally, relative fluorescence inside the cells was markedly increased to 211.5 at 570nm
(Figure 25), signifying that abnormal protein aggregates and UPR biomarkers were present within
these cells. In other words, cells treated with CsA clearly underwent ER stress and initiated
apoptosis (concluded due to the decreased number of adherent cells and low cell density).
Wells treated with carboxyl functionalized AuNPs also produced expected results; no signs of
nanoparticle toxicity were evident, as shown by the normal morphology recorded. The average cell
size was found to be 22μm (Figure 27), similar both in size and number of cells of that size (the
green line in Figure 27) to the control. Average cell density was calculated to be 1.162 x 106 cells per
cm2, which is within normal limits but markedly lower than the control. This difference in cell
density to the growth medium control does not suggest AuNP toxicity, as high levels of ThT
fluorescence (Figure 25) would have to be present in the case of ER stress (from particle-toxicity).
This is not the case as minimal relative ThT fluorescence of 6.2 at 570nm was found. Therefore, the
concentration of AuNPs used did not result in particle toxicity in HRPTEpC.
Variation I:
Cells treated with Variation I
(Grp-78—AuNP

complex)

showed lower cell density
and

slightly

abnormal

morphology,

which

unexpected.

The

was
wells

treated only with Variation I
(Grp-78—AuNP complex),
without CsA, had an average cell density of 7.84 x 105 cells per cm2 (Figure 26), comparatively lower
than the control. Still, the average cell size was comparable to the control at 22μm (Figure 27), and a
low relative ThT fluorescence of 7.8 at 570nm was observed (Figure 25). However, in some wells
administered with this experimental condition, cells of both significantly smaller and larger size
than the control were found (as shown in Figure 15b). This abnormal cell growth presents an issue
with the possible safety of administering this complex, as the abnormal growth could lead to
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cancerous growth or other issues in vivo. More testing is needed in this respect. The wells treated
(with CsA) and administered the Variation I complex did have normal cell size (22μm) and shape
(round), however a lower average cell density of 8.59 x 105 cells per cm2 was calculated (Figures 26
and 27). In addition, the relative fluorescence of Variation I treated with CsA was 83.1 at 570nm
(Figure 25). This is significant because it shows that ER stress was present in these cells after 48
hours, suggesting the Variation I complex is not extremely effective in mitigating CsA-induced ER
stress.
Variation II:
The

wells

tested

for

the

effectiveness of Variation II
(4-PBA—AuNP

complex)

produced consistent results,
aligning

with

hypothesis.

The

the

initial

observed

morphology of the HRPTEpC
treated only with Variation II,
without CsA, was uniform in size (20μm), shape (round), and distribution, and the average cell
density was 1.343 x 106 cells per cm2 (Figures 26 and 27). Additionally, there was little relative
fluorescence inside the cells of 1.1 at 570nm (Figure 25). Cells treated with CsA and Variation II
showed clear similarities to both the untreated Variation II cells and the growth medium control. An
average cell density of 1.205 x 106 cells per cm2 was calculated (Figure 26), which is comparative to
the AuNP control and untreated Variation 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.
Therefore, the cell density of the treated Variation II (with CsA) is remarkably close to the cell
density of the growth medium control, despite being treated with the otherwise toxic and
morphologically altering CsA (as described earlier in this Discussion). Furthermore, the average cell
size was normal at 22μm (Figure 27), the cells’ shapes were consistently round, and cells were
evenly distributed within these wells. The amount of cells recorded of average size per experimental
condition (shown with the green line in Figure 27) was also comparable between Variation II (both
with and without CsA) and the control. Finally, ThT fluorescence was relatively low at 0.3 at 570nm
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(Figure 25), the lowest relative fluorescence to the growth medium control. It is important to note
that Figure 24c does appear to show slight levels of fluorescence inside the cells (but not significant
compared to the levels of fluorescence inside cells treated only with CsA as shown in Figures 12a-c).
Overall, the cells treated with Variation II and CsA can be observed with regular morphology,
comparable to the growth medium control in spite of receiving CsA treatment. It can be concluded
that 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 (Pallet et al.).
Delayed Change in Morphology
It is interesting to note that wells treated (with CsA) and administered with Variation II 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 (Figure 30). 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 (Figure 31). This
delayed period of cellular recovery may
suggest that the complex of Variation II
(4-PBA—AuNP) does not mitigate CsA’s
effects immediately as the ER stress
unfolds, as was the original hypothesis, but
after they have developed. Following this line of reasoning, cells undergo ER stress for a brief period
of time, but then the 4-PBA—AuNP complex helps them recover with greater effectiveness in under
48 hours.

Conclusion
These findings, and the effectiveness of Variation II (4-PBA—AuNP complex), have important
implications in the field of drug delivery as well as in drug production and approval. As this research
was conducted on renal cells, it has widespread conceptual implications for medications with
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nephrotoxicity or renal failure as a side effect. The liver is primarily involved in the filtration of
medications and toxins out of the bloodstream, so its cells are easily and often damaged due to the
morphological alterations of stressors, including those produced by prolonged ER stress. This can
result in acute kidney injury and leads to serious consequences like hospitalization (Ghane
Shahrbaf, et al.). Although more testing is required, this research presents a drug delivery system of
a 4-PBA—AuNP complex which has successfully mitigated CsA’s toxic and ER stress-inducing effects
on renal cells. The cells treated with this drug delivery complex have produced statistical and
morphological results comparable to the growth medium control, suggesting a treatment which
leaves cells in healthy conditions whilst administering a normal dosage of CsA. In the future, this
drug delivery system can enable 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 the results.
Further exploration/analysis of the delayed morphological changes in cells treated with
Variation I and II and CsA, as noted in Discussion.
Quantitative analysis of Ca2+ output (cells naturally expel Ca2+ as part of the ER stress
response).
○ Performed using the LS50B Luminescence spectrometer and fitted with a FURA-2
fast filter accessory according to methodology by Ditmar et al.

Safety
Chemical Reagents: Gold nanoparticles are listed as a non-hazardous reagent; Cyclosporine A is
harmful if swallowed, may cause cancer, and may damage fertility or the unborn child;
4-Phenylbutyric acid is not a hazardous substance but harmful if in contact with skin or if inhaled.
Epithelial Cells: Proliferating Human Renal Proximal Tubular Epithelial Cells purchased for this
research (Cell Applications, Inc.) are certified as free of pathogens and do not pose a hazard.
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