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Abstract

Self-assembly of amphiphilic peptide-based building blocks gives rise to a plethora of interesting
nanostructures such as ribbons, fibers, and tubes. However, it remains a great challenge to employ
peptide self-assembly to directly produce nanostructures with lower symmetry than these highly
symmetric motifs. We report here our discovery that persistent and regular crescent nanostructures
with a diameter of 28+3 nm formed from a series of tetrapeptides with the general structure

AdK KsEX (Ad = adamantyl group, Kg = lysine residue functionalized with an S-aroylthiooxime
(SATO) group, E = glutamic acid residue, and X = variable amino acid residue). In the presence of
cysteine, the biological signaling gas hydrogen sulfide (H,S) was released from the SATO units of
the crescent nanostructures, termed peptide-H,S donor conjugates (PHDCs), reducing levels of
reactive oxygen species (ROS) in macrophage cells. Additional in vitro studies showed that the
crescent nanostructures alleviated cytotoxicity induced by phorbol 12-myristate 13-acetate (PMA)
more effectively than common H,S donors and a PHDC of a similar chemical structure,

AdK K gE, that formed short nanoworms instead of nanocrescents. Cell internalization studies
indicated that nanocrescent-forming PHDCs were more effective in reducing ROS levels in
macrophages because they entered into and remained in cells better than nanoworms, highlighting
how nanostructure morphology can affect bioactivity in drug delivery.
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Introduction

Self-assembly of organic compounds can be harnessed to access supramolecular
nanostructures with a wide range of shapes, including spheres,12 toroids,3~* cylinders,>%
helices,’8 sheets, 910 and others, with many resembling well-known biological
nanostructures such as vesicles,11 microtubules,12 and the DNA double helix.13 Although
not as familiar as these highly symmetric examples, a range of biological nanostructures
with fewer symmetry elements also exist. Examples include the truncated cone-shaped
envelope of the HIV virus,14 the wedge-and-stem shape of nucleosomes, 116 and the
crescent-shaped lipoprotein membranes that form poxviruses.1” In all cases, the asymmetric
shape serves the biological function of the nanostructure. For instance, crescent-shaped
membranes in the vaccinia virus are vital for the formation of mature virions.18 Similar to
natural nanostructures, synthetic nanostructures with relatively few symmetry elements
made by self-assembly are also rare, and as in biological examples, their unique shapes may
enable functions that highly symmetric nanostructures cannot.

Among the classes of synthetic small molecules capable of self-assembly into
nanostructures, peptides are perhaps the most widely studied due to their biodegradability,
high degree of tunability, and capacity for several types of non-covalent interactions.
5-6,19-21 Beyond this, they can be quickly synthesized and purified with direct sequence
control. Our group is interested in the aqueous self-assembly of short peptides and peptide
derivatives into unusual nanostructures and their applications in biology and other areas.
22-27 Here we report on our recent discovery of an aromatic peptide amphiphile that self-
assembles into crescent-shaped nanostructures. Crescent-shaped inorganic nanostructures
have been prepared through various means, and their crescent shape affords unique
properties.28-33 |n contrast, it remains a great challenge to produce crescent nanostructures
from peptides, or any small organic molecule, through a direct self-assembly approach. In
fact, we are aware of only one such example from Xu and coworkers,34 who found that a
cationic phosphotetrapeptide containing three p-amino acid residues formed crescent
nanostructures upon removal of the phosphate group by alkaline phosphatase. These peptide
assemblies showed remarkable bioactivity, accumulating on the endoplasmic reticulum to

JAm Chem Soc. Author manuscript; available in PMC 2021 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 3

induce death in cancer cells, where the crescent shape was critical for membrane disruption.
This discovery highlights the need to further study how crescent nanostructures can be
synthesized and applied in biology and medicine.

Intrigued by the ability of crescent-shaped nanostructures to induce unexpected biological
activity in natural and synthetic systems, we investigated here how crescent-shaped peptide
assemblies could influence the delivery and bioactivity of the biological signaling gas
hydrogen sulfide (H,S). H»S was long thought to be only a poisonous gas, but its biological
signaling roles were discovered in 1996.3° Since then, a wide variety of studies have shown
that H,S mediates numerous (patho)physiological processes, including vasorelaxation,
oxidative stress reduction, and inflammation.36-3% However, these results were mainly
acquired by using inorganic sulfide salts such as sodium sulfide (Na,S) or sodium
hydrosulfide (NaSH) as H,S sources.40-41 Recognizing that these sulfide salts were not ideal
compounds for studying H,S biology, researchers have developed several classes of stimuli-
responsive, H,S-releasing compounds (termed H,S donors) over the past several years.42-44
H>,S donors with targeting capabilities and varying release rates have shown that the method
of delivery can greatly influence the bioactivity of this gas.23-24 However, despite this
progress, most H,S donors lack good water solubility and have limited means for cell
internalization, hindering HoS-based treatments due to the reactive and transient nature of
this signaling molecule. Based on our discovery of a short peptide capable of releasing H,S
that self-assembles into crescent nanostructures (Figures 1A and 1B), we asked how the
crescent shape would influence the bioactivity of this uniquely shaped H»S donor.
Specifically, based on the cell internalizing properties of natural and synthetic crescent-
shaped nanostructures noted above, we hypothesized that crescent-shaped H,S-releasing
nanostructures would be more effective at reducing oxidative stress in macrophages, a
known property of H,S,36: 45-46 than small molecule H,S donors or peptide-based HyS
donors that take on other shapes.

Results and Discussion

We report here on a class of amphiphilic peptide-H»,S donor conjugates (PHDCs) that
unexpectedly self-assembled into discrete, crescent-shaped nanostructures in aqueous
solution. To make the PHDCs, we prepared a peptide of the structure AdK K sEE (Ad =
adamantyl group, Kg = lysine residue functionalized with an H,S-releasing S
aroylthiooxime (SATO) group, E = glutamic acid residue; Figure 1A). We originally
developed the SATO group due to its ability to generate H,S in response to thiols,* but we
found that its inclusion in peptides generates a variety of self-assembled morphologies; for
example, PHDCs containing two Kg and two E residues form persistent nanohelices or
nanoribbons of various sizes depending on the specific sequence.23-2% Here we included for
the first time the bulky Ad group with the idea that it would provide additional hydrophobic
interactions beyond those of the SATO groups, while also contributing steric hindrance
during the self-assembly process. Detailed synthetic procedures and characterization can be
found in the Supporting Information (Figures S1 and S2).

PHDC AdK gK sEE spontaneously self-assembled upon dissolution in 10 mM phosphate
buffer (pH 7.4) at room temperature. The aggregation of PHDC AdK cK sEE in aqueous
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solution was first confirmed by the Nile Red assay, where the fluorescence intensity
increased as the concentration of PHDC increased (Figure S3), indicating solubilization of
Nile Red in the hydrophobic domain.*8 The critical aggregation concentration (CAC) was
calculated to be 27 pM, similar to our previous CAC measurements on related PHDCs.23-24
Next, we examined the morphology of the assemblies by both conventional and cryogenic
transmission electron microscopy (TEM). Both techniques revealed that PHDC AdK sK sEE
assembled into crescent nanostructures in aqueous solution (Figures 1C and 1D) with
average external diameters of 28+3 nm and average widths of 51 nm. The aggregation
number was further characterized by static light scattering (SLS), showing that on average
600 AdK K sEE molecules assemble to form each crescent nanostructure. This value was
close to our estimate of 560 based on the volume of an average nanocrescent, calculated
using its dimensions from TEM, and the estimated volume of an AdK sK sEE molecule (see
Supporting Information).

We also ran experiments to probe the secondary structure and the reactivity of these
assemblies. Circular dichroism (CD) spectroscopy showed a strong negative absorption at
320 nm (Figure 1E), a peak consistent with an absorption peak of the SATO unit and also
observed in the UV-vis spectrum (Figure S4), indicating that SATOs were arranged in a
highly ordered fashion within the nanostructures. Additional SATO absorptions in the
peptide region (190-240 nm) make it difficult to draw firm conclusions from the CD
spectrum on peptide secondary structure, but some contributions from p-sheet structures are
likely due to the extended nature of these nanostructures.4® Therefore, we used the common
Thioflavin-T (ThT) assay to evaluate whether B-sheets were present in the nanostructures.°
We found that ThT fluorescence intensity increased dramatically when the AdK sK sEE
crescents were treated with ThT solution, indicating that p-sheets exist within the crescent
nanostructures (Figure S5A). Finally, consistent with other SATO-based H,S donors,
23,26-27,51 AdK oK SEE released H,S in the presence of cysteine (Cys) over 3 h, with a
peaking time of 125 +15 min (black curve, Figure 1F), while minimal H,S was detected
from experiments without Cys (blue curve, Figure 1F).

To gain more insight into the molecular requirements for crescent nanostructure formation,
we synthesized several control molecules. As shown in Figures S6A and B, replacing the Ad
unit with other capping agents at the N terminus (acetyl or cyclohexyl) generated twisted
nanoribbons. Given that the only difference among these three molecules is the capping
agent, we speculate that the bulky Ad unit in crescent-forming PHDC AdK K sEE hinders
the formation of long-range p-sheets during self-assembly, consistent with short
nanostructures observed in other SATO-containing peptides with a bulky C-terminus.24 In
sharp contrast, acetyl or cyclohexyl groups are smaller and more planar, allowing for closer
packing; therefore, long-range B-sheets can form during self-assembly into long nanoribbons
(Figure S5). Replacing one of the Kg residues with a phenylalanine residue also resulted in
the disappearance of the crescent morphology (Figure S6C). Finally, changing both Kg
residues to Kq residues (where Kq represents a non-H,S-releasing benzyl oxime-
functionalized lysine residue) or Kgga residues (where Kega represents a 4-formylbenzoic
acid-functionalized lysine residue), also afforded irregular aggregates (Figures S7-S8),
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indicating that the N-terminal Ad group and the Kg residues, at least in these PHDCs, are
important for nanocrescent formation.

In contrast, we found that the crescent morphology was largely insensitive to the choice of
amino acid residue on the C terminus. As shown in Figure 2, replacing the C-terminal E
residue in the original design with a cationic histidine (H) residue (Figures 2A and 2E), a
nonionic serine (S) residue (Figures 2B and 2F), or an anionic aspartic acid (D) residue
(Figures 2C and 2G) did not change the morphology, implying that AdKsKsEX (X =
variable residue) is a consensus sequence for forming self-assembled nanocrescents. This
was also confirmed by the similar CD spectra for these three control peptides (Figure S10).
More importantly, these results also demonstrated that this peptide design is robust enough
to enable the incorporation of various functional units at the C terminus without altering the
supramolecular architecture, which is a challenging topic in supramolecular assembly.>2

Finally, we also tested the main tripeptide segment, AdK sK sE, for the formation of
nanocrescents. In this case we installed a C-terminal carboxylic acid instead of the
carboxamide used in AdK sK sEE, thus maintaining the two carboxylate units in the original
peptide design (Figure 2D). Surprisingly, despite its similarity in structure and charge to the
original nanocrescent-forming PHDC AdK sK sEE, it assembled into short nanoworms with
average lengths of 332 nm (Figure 2H). This result indicated that the C-terminal amino
acid residue is necessary for the formation of nanocrescents. Thus, AdK sK sE provided an
ideal control peptide for assessing our hypothesis regarding nanostructure shape and cell
internalization because it has a similar chemical structure and an identical charge to
AdKsKsEE, but it forms short nanoworms rather than nanocrescents. Also, both AdK sK sE
and AdK sK sEE release similar amounts of H,S because they both contain two SATO units,
although release is somewhat faster from AdK sK sk (Figure S13).

Given that H,S can reduce inflammation and related oxidative stress,36: 53 we then asked
whether H,S release from AdK sK sEE or AdK gK sE could decrease intracellular ROS
production. We tested these two peptides specifically, along with relevant controls, because
this pair provided a method to assess how the crescent shape would affect bioactivity. In
other words, we asked whether persistent crescent-shaped nanostructures would be more
effective than flexible worms of a similar size at delivering H,S to protect cells from ROS-
induced damage. In these experiments, RAW 264.7 macrophage cells were chosen as a
model because they generate a considerable amount of ROS when incubated with phorbol
12-myristate 13-acetate (PMA).24-%5 Dihydroethidium (DHE) was employed as an ROS
sensing fluorescent probe.56

As shown in the first row of Figure 3, the control group (RAW 264.7 cells without any
treatment) exhibited a dimly red fluorescent signal, indicating that a small amount of ROS
was naturally generated within these cells as a product of normal metabolism of oxygen,
consistent with previous reports.>” However, after treatment with PMA, the red fluorescent
signal from DHE became much brighter, implying that ROS had accumulated in cells
(Figure 3, second row). Addition of Cys or the combination of Cys and non-H,S-releasing
control peptide AdK oK oEE to PMA-treated cells generated a weaker red fluorescent signal
compared with the PMA group (Figure 3, third and fourth rows). However, in both cases the
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intensity was still much higher than that of the untreated cells, implying that Cys cannot
completely inhibit PMA-induced overproduction of ROS. In contrast, co-incubation of
AdK K sE and Cys with PMA-treated cells led to a lower red fluorescent signal, indicating
that H,S released from nanoworm-forming AdK sK gE, could suppress the production of
ROS (Figure 3, fifth row). These results are consistent with previous studies using NaHS,
showing that H,S reduces ROS production in macrophages.>8-59An improved effect was
found in cells treated with both nanocrescent-forming AdK K sEE and Cys (Figure 3, sixth
row), with a fluorescence intensity that was the lowest among all the treatment groups and
comparable to that of the control group that lacked PMA.

Convinced that AdK gK sEE could quench ROS in the presence of Cys (Figure 3), we next
explored its anti-inflammatory activity on RAW 264.7 cells. H,S can alleviate inflammation
caused by ROS, but this protective capacity has not been tested widely on sustained HoS
donors.59-61 More importantly, slow-releasing H,S donors frequently lead to enhanced
biological effects compared to instantaneously released Na,S.62-63 Thus, we envisioned that
H>S released from AdK gK sEE might rescue RAW 264.7 cells from induced oxidative
stress. First, we demonstrated that AdK gK sEE was nontoxic to RAW 264.7 cells at
concentrations up to 200 puM (Figure S14). In contrast, PMA induced significant cytotoxicity
at concentrations as low as 1 ug/mL (Figure 4A).

In treatment studies, RAW?264.7 cells were pretreated with PMA for 1 h, a period consistent
with previous reports,®* then AdK K sEE and Cys were added without removing PMA
solution. Cells were subsequently cultured for another 3 h before analyzing viability.
Compared to the PMA-only treatment group, cell viability increased dramatically when cells
were co-treated with PMA and AdK sK sEE+Cys (Figure 4A). For example, exposure of
PMA to cells at 2 ug/mL decreased cell viability to 67% while viability increased to 95% by
co-treatment with AdK K sSEE+Cys. Similar increases in viability were observed in
treatments with higher or lower levels of PMA.

To further demonstrate that sustained H,S release was responsible for imparting protection
to macrophages in the presence of PMA, several control studies were carried out (Figure
4B). Neither treatment with Cys alone nor treatment with a combination of the non-H,S-
releasing control peptide (AdK oK oEE) and Cys showed any protective effect. We also
compared AdK sK sEE to two traditional H,S donors under the same experimental
conditions, sodium sulfide (Na,S), a fast-releasing H,S donor, and GYY4137, a slow-
releasing H,S donor.54 Neither affected cell viability. PHDC AdK gK sE, which slowly
releases HoS but does not form crescents, exhibited some cell protective ability, but it was
not as good as AdK gK sEE, consistent with results shown in Figure 3. Taken together, these
experiments suggest that AdK K sEE could be used as a powerful H,S delivery platform.

Given the identical conditions and equimolar amounts of AdK K sE and AdK sK sEE used
in these experiments, the difference in ability to reduce ROS production and protect cells
likely stems from the different self-assembled morphologies of these two PHDCs. We
hypothesized that nanocrescent-forming AdK cK sEE enters and remains in cells to a greater
extent than nanoworm-forming AdK gK sE due to its unusual morphology. We initially based
this hypothesis on Xu’s work on positively charged crescent nanostructures,3* but the
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negatively charged nanostructures used in this work would not be expected to bind cell
membranes as strongly. We also recognized that the difference in H,S release rates
(AdK K sEE releases H,S more slowly than AdK gK sE) could be responsible for the
greater protection observed from AdK K sEE. To test our hypothesis, we conducted cell
uptake experiments on PHDCs AdK sK sEE and AdK gK sE. Because the peptides
themselves did not have sufficient fluorescence brightness for imaging, and addition of a
fluorophore to their structure would likely change their morphology, we evaluated cell
uptake by measuring the amount of H,S produced inside the cells using an H,S-selective
fluorescent probe, WSP-5.85

In these cell uptake experiments, we aimed to quantify cumulative H,S release over 3 h,
corresponding to cumulative intracellular PHDC accumulation over this time period. The
period of 3 h was chosen to be consistent with the treatment time used in cell viability assays
(Figure 4) and because H5S release would be complete or nearly complete from both
nanostructures over this period. In the first step, macrophage cells were pre-treated with
WSP-5 for 30 min, allowing the cells to internalize this pro-fluorophore (Figure 5A). After
washing to remove excess WSP-5, PHDCs AdK K sEE and AdK K sE were added,
allowing 3 h for uptake of the nanostructures. The cells were then washed to remove any
PHDC that was not internalized. Next, Cys was added to induce H,S release from the
internalized nanostructures, generating a fluorescent output from WSP-5 corresponding to
the amount of PHDC internalized over the 3 h incubation time. Any H,S release triggered by
endogenous thiols prior to addition of Cys would also have been captured by WSP-5,
minimizing the effects of different H,S release behaviors from the AdK K sEE and

AdK gK gE nanostructures on the fluorescence intensity. A treatment group with no PHDC
(Cys only) was also included as a negative control.

The results of this experiment showed that a small amount of fluorescence was observed in
the Cys-only control group, as expected, corresponding to endogenous H»S captured by
WSP-5 (Figure 5, row 1). In contrast, the green fluorescence within the cells was much
brighter in the PHDC treatment groups, and cells treated with AdK K sEE (Figure 5, row 3)
were 2-fold brighter than cells treated with AdK K gE (Figure 5, row 2). Thus,
nanocrescent-forming AdK sK sEE, which releases H,S more slowly than nanoworm-
forming AdK gK sE, generated more intracellular H,S. These results indicate that more
AdK K sEE than AdK K oE entered into macrophages and released H,S over the entire
course of this experiment. We also conducted a similar experiment designed to measure
instantaneous intracellular PHDC concentration after 3 h, in contrast to cumulative
intracellular PHDC concentration as shown in Figure 5. The results were similar, with twice
as much H,S, a proxy for PHDC, detected for AdK K sEE versus AdK K sE (Figure S15).
Although these results do not directly confirm differences in cell uptake between the two
types of nanostructures, our use of H,S release as a proxy for cell uptake supports our
hypothesis that the AdK gK sEE nanocrescents more effectively reduce ROS levels in
macrophages than the AdK gK sE nanoworms because they are internalized and retained
better inside the cells.
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Conclusions

In summary, we have reported a strategy to prepare crescent nanostructures from a series of
adamantane-functionalized tetrapeptides with the general structure AdK gK sEX. Our results
showed that these crescent nanostructures only formed when an N-terminal adamantyl group
was included in the structure, but they tolerated changes in the C-terminal amino acid.
Focusing on PHDC AdK K sEE, we found that these crescent nanostructures released HpS
steadily over the course of 3 h when triggered with Cys. /n vitro cell studies further
demonstrated that the released H,S could reduce ROS levels and mitigate toxicity induced
by PMA in RAW 264.7 macrophage cells better than common H,S donors. Additionally,
nanocrescent-forming PHDC AdK K sEE was more effective than a control nanoworm-
forming PHDC with a similar structure (AdK K sE), which we attributed to the ability of
the nanocrescents to enter and remain in cells better than the nanoworms.

These results highlight how subtle variation in amphiphilic peptide design can regulate the
resulting self-assembled morphology, thereby affecting the H,S release behavior, and further
influencing the resultant bioactivity. Because various amino acid residues could be installed
on the PHDC C-terminus while maintaining the nanocrescent morphology, we anticipate
that this strategy could serve as a general method to construct crescent nanostructures with
different functional groups. Furthermore, this peptide design is a new addition to the
aromatic peptide amphiphile family, and the general design driving nanocrescent formation
discovered here may find other applications in the biomedical field. Finally, this work also
shows how synthetic nanostructures with less symmetry than spheres, rods, and other highly
symmetric structures may have enhanced properties in biological applications, reminiscent
of natural nanostructures with unusual shapes that afford specialized functions.
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Figure 1.
(A) Molecular structure of PHDC AdK sK sEE. (B) Schematic illustration showing self-

assembly of AdK K sEE in aqueous solution. (C) Representative conventional TEM
micrograph (stained with uranyl acetate, UA), and (D) representative cryo-TEM micrograph
of crescent nanostructures formed by PHDC AdK K sEE in phosphate buffer (PB, 10 mM
pH 7.4) at 1 mM. Insets in the top right corners of panels C and D show zoomed-in images
of the areas outlined by the dashed red rectangles. (E) CD spectrum of AdK K EE in PB at
100 pM; (F) H,S release profiles of AdK sK sEE triggered by Cys or without Cys in PB at
rt. Data were collected on an H,S-sensitive electrochemical probe from a solution of PHDC
(12 mM) and Cys (4 mM) sealed in a well with a gas-permeable membrane inside a vial
containing PB (5 mL). Experiments were repeated three times for each PHDC, and data
shown reflect averages of the three runs.

JAm Chem Soc. Author manuscript; available in PMC 2021 November 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al. Page 13

Figure 2.
Molecular structures and conventional TEM images of crescent nanostructures formed by

(A, E) AdKgKsEH, (B, F) AdK K SES, (C, G) AdK K SED, and (D, H) AdKsK sE in PB
(10 mM pH 7.4). Insets in the top right corners of panels E-H show zoomed-in images of the
areas outlined by the dashed red rectangles. Solution concentration: 100 pM. All grids were
stained by UA prior to imaging.
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Figure 3.
Bright field, fluorescence, and merged images showing fluorescence in RAW 264.7

macrophage cells pre-incubated with PBS only (row 2, grey bar), Cys (800 pM) (row 3, blue
bar), AdK oK oEE (200 pM) + Cys (800 uM) (row 4, brown bar), AdK sK sE (200 uM) +
Cys (800 pM) (row 5, orange bar), or AdK sK sEE (200 pM) + Cys (800 uM) (row 6, purple
bar) for 30 min before exposure to PMA (1 pg/mL) (groups 2—6) or equal volume of DMSO
for 3 h (row 1, black bar). After treatment, cells were incubated with ROS probe DHE (10
uM) for 30 min, washed, and imaged in DPBS by bright-field and fluorescence microscopy.
Scale bars are 50 um. Averaged fluorescence intensities of these six respective treatment
groups were quantified by ImageJ (cell counts are > 30 for each group from three separate
wells). # indicates p < 0.05 for a comparison of the groups indicated as determined by a one-
way analysis of variance (ANOVA) with a Student—-Newman-Keuls comparisons posthoc
test.
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Figure4.
(A) Cell viability of RAW 264.7 macrophage cells pretreated with AdK K sEE (200 uM) +

Cys (800 uM) for 30 min before exposure to different concentrations of PMA for 3 h. *
indicates p < 0.01 vs PMA. (B) Cell viability of RAW 264.7 macrophage cells pretreated
with various controls for 30 min before exposure to PMA (2 pg/mL) for 3 h. Control
compound concentrations: Cys, 800 pM; AdK oK oEE and AdK sK sE, 200 uM; GY'Y4137
and NayS, 400 uM. * indicates p < 0.01 among indicated treatment groups. Error bars
indicate standard deviation of three separate experiments with five replicates per experiment.
Group comparisons are indicated as determined by a one-way analysis of variance
(ANOVA) with a Student—-Newman—Keuls comparisons posthoc test.
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Figure5.
(A) Hlustration showing experimental design for detection of cumulative H,S release within

macrophage cells by WSP-5. (B) Bright field, fluorescence, and merged images showing
fluorescence in RAW 264.7 macrophage cells pre-incubated with WSP-5 (50 pM) and
CTAB (100 uM) for 30 min, and subsequently treated with PHDCs (AdK gK sE or
AdK K sEE, 200 pM) for 3 h, followed by treating with Cys (800 uM) for another 3 h. Cells
were then washed, and fluorescence images were taken in DPBS. Scale bars are 50 um.
Averaged fluorescence intensities of these three respective treatment groups were quantified
by ImageJ (cell counts are >30 for each group from three separate wells). # indicates p <
0.05 for a comparison of the groups indicated as determined by a one-way analysis of
variance (ANOVA) with a Student—-Newman—Keuls comparisons posthoc test.
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