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Abstract.
BACKGROUND: Nearly 70% of all new cases of bladder cancer are non-muscle invasive disease, the treatment for which
includes transurethral resection followed by intravesical therapy. Unfortunately, recurrence rates approach 50% in part due
to poor intravesical drug delivery. Hyperthermia is frequently used as an adjunct to intravesical chemotherapy to improve
drug delivery and response to treatment.
OBJECTIVE: To assess the solubility profile of intravesical chemotherapies under varying conditions of pH and temperature.
METHODS: Using microplate laser nephelometry we measured the solubility of three intravesical chemotherapy agents
(mitomycin C, gemcitabine, and cisplatin) at varying physical conditions. Drugs were assessed at room temperature (23◦C),
body temperature (37◦C), and 43◦C, the temperature used for hyperthermic intravesical treatments. To account for variations
in urine pH, solubility was also investigated at pH 4.00, 6.00, and 8.00.
RESULTS: Heat incrementally increased the solubility of all three drugs studied. Conversely, pH largely did not impact
solubility aside for gemcitabine which showed slightly reduced solubility at pH 8.00 versus 6.00 or 4.00. Mitomycin C at the
commonly used 2.0 mg/mL was insoluble at room temperature, but soluble at both 37 and 43◦C.
CONCLUSIONS: Hyperthermia as an adjunct to intravesical treatment would improve drug solubility, and likely drug
delivery as some current regimens are insoluble without heat. Improvements in solubility also allow for testing of alternative
administration regimens to improve drug delivery or tolerability. Further studies are needed to confirm that improvements in
solubility result in increased drug delivery.
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INTRODUCTION

The physiologic purpose of the bladder epithe-
lium (urothelium) is to provide a strong barrier
against the absorption of physiologically undesir-
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able molecules contained in the urine, a fact that has
the unintended consequence of impairing intravesical
drug delivery [1, 2]. Unfortunately, despite adjuvant
and maintenance treatments, roughly half of non-
muscle invasive bladder cancer (NMIBC) patients
will experience tumor recurrences requiring intraves-
ical treatments and/or subsequent procedures [3]. The
application of heat to the bladder, a process known
as hyperthermia, is an adjunct used to improve the
efficacy of intravesical chemotherapy. Hyperthermia
is thought to work by increasing drug delivery to
the bladder, enhancing the anti-neoplastic effects of
the therapeutic agents, and eliciting an anti-cancer
immune response [4–10].

Intravesical drug bioavailability is dependent on
solubility, permeability, metabolism, and efflux from
urothelial, submucosal, and muscular layers [11].
Solubility is a modifiable contributor to bioavail-
ability, and is affected by many factors including
drug concentration, urine production rate, urine/drug
pH, urine constituents, and temperature [11–13]. An
optimized intravesical mitomycin C (MMC) dose of
2.0 mg/mL (40 mg/20 mL) has previously been pro-
posed, but evidence suggests this concentration of
MMC is insoluble without special preparation includ-
ing sample heating prior to instillation [14, 15]. The
precise effect of clinical bladder hyperthermia, where
the entire bladder and its contents are heated to 43°C,
on intravesical drug solubility has not been deter-
mined. Generally, heat improves drug solubility, and
consequently some of the improved drug delivery that
is shown with bladder hyperthermia might be due to
improved drug solubility [16]. Optimized adminis-
tration regimens of intravesical gemcitabine without
hyperthermia exist, but there is a lack of data on
the solubility of gemcitabine when heated [17]. Fur-
thermore, individuals’ urinary pH varies significantly
from 4.5–8.5 which may also impact intravesical drug
solubility [18, 19].

Various methods of measuring kinetic drug sol-
ubility exist but nephelometry, the quantification
of light scattering as it passes through a sample,
is thought to be one of the most accurate and is
commonly used during drug development for rapid,
high-throughput solubility screens to identify viable
drug candidates [12, 20]. As the number of insoluble
particles increases, a higher fraction of the laser light
passing through the solution is scattered, and detected
by the nephelometer [20]. Nephelometry with serial
drug dilutions is commonly used to determine a
material’s kinetic solubility point at which further
concentration increases result in a rapid drug precipi-

tation and, consequently, increased laser light scatter
in the nephelometer [12, 21, 22]. In this manuscript
we study the impact of clinical hyperthermia at 43◦C
and pH on the solubility of three intravesical drugs
commonly used to treat bladder cancer: MMC, gem-
citabine, and cisplatin.

METHODS

Instruments, chemicals, materials

A NEPHELOstar Galaxy microplate reader (BMG
LABTECH GmbH, Ortenberg, Germany) was used
for rapid laser nephelometry testing. The machine
passes a 635 nm laser through the sample and mea-
sures the fraction of scattered light due to insoluble
particles, which is then quantified in Relative Neph-
elometry Units (RNUs). Outputs range from 0 to a
maximum of 500,000 RNUs for insoluble samples.
Calibration studies demonstrated a linear relationship
(r2 = 0.999) between RNU and Nephelometric Tur-
bidity Units (NTUs), another common measure of
turbidity and therein solubility, such that 1 NTU is
roughly equivalent to 5,000 RNUs [23]. The neph-
elometer was programmed such that each well was
read for 1 second with a 0.5 second positioning
delay, for a total plate reading time of 144 seconds.
Laser intensity was set to 80% with beam focus
of 1.8 mm per manufacturer recommendations given
aliquot volume and well size. Given the device sensi-
tivity, scratch resistant 96-well UV-transparent plates
(Greiner Bio-One, Monroe NC. Item No. 5665-5801)
were used.

Clinical grade mitomycin C (Accord Health-
care Inc., Durham NC, Lot PY03429), gemcitabine
HCl (AAP Pharmaceuticals LLC, Paramus NJ,
Lot 6018570), and cisplatin (WG Critical Care
LLC, Schaumburg IL, Lot 9D05740) were obtained
from the Duke University Hospital Cancer Center
pharmacy (Durham, NC). Drugs were reconsti-
tuted and serially diluted with phosphate-buffered
saline (PBS, pH 7.4, Mediatech Inc, Manassas VA,
Lot 13518005), adjusted with HCl or NaHCO3
to achieve target pH. Measurements of pH were
performed using a Fisherbrand Accumet micro-pH
probe (Thermo Fisher Scientific, Waltham MA)
and Mettler-Toledo 320 pH meter (Mettler-Toledo
LLC, Columbus OH). Prior to use, the pH meter
was calibrated using standard pH 4.01, 7.01, and
10.01 buffer solutions (Genesee Scientific, San
Diego CA)
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Experimental design

The initial concentration ranges studied for each
drug were based on standard intravesical adminis-
tration doses – mitomycin C 1.0–2.0 mg/mL, gemc-
itabine 20–40 mg/mL, and cisplatin 0.6–1.0 mg/mL
[24–32]. For gemcitabine and cisplatin, when stan-
dard doses were shown to be easily soluble with
hyperthermia, upper limits were increased to 80 and
3.5 mg/mL respectively to identify the heated kinetic
solubility points.

Three temperatures were assessed: 23◦C (room
temperature, the standard temperature at which drug
solutions are prepared), 37◦C (standard body tem-
perature, the highest temperature that a drug solution
might get under normal physiologic circumstances),
and 43◦C (clinical hyperthermia). Initial exploratory
studies were performed without pH adjustment,
deemed standard pH preparations, with each drug
serially diluted using un-adjusted PBS (pH 7.4). The
resultant pH of these solutions stayed at 7.4 for both
MMC and cisplatin, but gemcitabine decreased the
pH to 3.5. To prepare pH adjusted samples, HCl or
NaHCO3 was used to bring PBS to a pH of 4.00, 6.00,
or 8.00 which was then used for the subsequent serial
dilutions.

We attempted to prepare our samples in accor-
dance with typical preparation in our institution’s
pharmacy prior to clinical administration. Samples
were prepared from powdered drug the same day
as serial dilution, plating, heating, and nephelomet-
ric measurements to avoid long term storage of drug
solutions.

As serial dilutions were performed at room temper-
ature, there was visible drug precipitation in each of
the 3 chemotherapies at their highest concentrations,
which slowly dissolved with each serial dilution.
Therefore, each solution was thoroughly vortexed
prior to aliquoting to minimize concentration vari-
ation between aliquots. After each step in serial
dilution for each concentration-pH permutation, drug
solutions were aliquoted at 200 �L volumes in
quadruplicate and plated on 96-well microplates
which were then sealed to minimize evaporative
loss and condensation. Initial nephelometry measure-
ments were obtained to represent room temperature
readings, and plates were placed into water baths
heated either to 37 or 43◦C. Measurements were
repeated at 60 and 120 min, standard dwell times
for intravesical therapy. Of note, these measure-
ments required removal of the plates from water
baths for nephelometric measurement (144 seconds)

after which they were returned to their respective
water baths.

Data analysis

Raw data were exported from the MARS Data
Analysis package (BMG Labtech, version 2.4.1)
for analysis. To obtain a blank corrected value for
each data point, the RNU reading from each well
was corrected with an average of the four “blank”
wells containing only solvent and no solute. Due
to the sensitive nature of laser nephelometry, false
positive readings are commonly seen from plate
defects (scratches, fingerprints, inconsistencies in
plastic) and competing particulates (bubbles, dust)
and we took extensive measures to minimize these.
While some authors have reported manually remov-
ing outlier data resulting from these issues after
each nephelometer run [12], others have filtered
out values deviating more than two standard devi-
ations from the mean [21]. We defined outlier values
as those deviating >2 standard deviations from the
mean or >450,000 RNU for samples with a stan-
dard deviation >150,000 RNU. This appropriately
identified the false positives as “device maximum”
values that vastly increased the grouping’s standard
deviation. Segmental linear regression was used to
analyze nephelometric data, with the regression’s
inflection or break point identifying the concen-
tration at which there was an abrupt change in
drug solubility (i.e. the sample’s kinetic solubility
point under those physical conditions) [33–35]. Data
were analyzed in R version 3.6.2 using RStudio
1.2.1 with the following packages installed: readxl,
tidyverse, dplyr, tibble, janitor, ggplot2, segmented,
gridExtra.

RESULTS

Overall, laser nephelometry was effective in
quickly assessing the solubility of all three
chemotherapies across a large range of physical con-
ditions. Outlier detection rates were similar across
groups – 52 (5.6%) MMC datapoints, 41 (4.7%) gem-
citabine datapoints, and 42 (4.5%) cisplatin. Samples
at the highest concentration ranges were visibly tur-
bid at room temperature but not after heating despite
the nephelometer still detecting solute precipitation.
For heated samples, we chose to compare 120-minute
solubility data between drugs as, although similar
in most cases, in a few select cases (gemcitabine
43◦C pH 4.00 and 8.00) there was a continued
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Fig. 1. Solubility plots and segmental regressions at room temperature (23◦C, blue), body temperature (37◦C, green) and hyperthermic
temperature (43◦C, red) for Mitomycin C (A), Gemcitabine (B), and Cisplatin (C). Each shows a scatter plot of nephelometric data (RNUs)
versus concentration (mg/mL) and the subsequent segmental regression with inflection point corresponding to the preparation’s kinetic
solubility point. Abbreviations: BP = Breakpoint, NBP = No breakpoint calculated (no clear inflection point of solubility plot).

improvement insolubility after 120 compared to 60
minutes (Appendix 1B).

Mitomycin C

As expected, the addition of heat incrementally
increases the solubility of mitomycin C (Fig. 1A). A
more substantial improvement in solubility is noted
between 23◦C and 37◦C than between 37◦C and
43◦C. We did not demonstrate a consistent rela-
tionship between MMC solubility and solution pH,
suggesting that MMC solubility is less affected by pH
than previously thought (Fig. 2A). At 23◦C the sol-
ubility point of MMC ranged from 0.8–0.9 mg/mL
depending on solute pH (Table 1A). As shown in
Fig. 3, the commonly used dose of 2.0 mg/mL is
insoluble at 23◦C, but its solubility is incrementally
improved with temperature such that preparations at
37◦C and 43◦C become soluble. In contrast to MMC,
commonly used dosages of gemcitabine and cisplatin

did not appear to exhibit impaired solubility at room
temperature (Fig. 3). A regression breakpoint was
not identifiable for MMC samples heated to 37◦C or
43◦C as solutions even at the maximum of 2.0 mg/mL
were soluble. Despite the lack of quantitative compar-
ison, the regression slopes illustrate an appreciable
improvement in raw RNUs with heat at concen-
trations above 1.0 mg/mL across all pH parameters
(Figs. 1A, 2A). Comparison of solubility plots for
heated samples showed similar results after 60 and
120 minutes of heating (Appendix 1A).

Gemcitabine

With increasing temperature, there is an incre-
mental increase in the kinetic solubility point of
gemcitabine, however observed solubility points are
well above standard dosages even at room tem-
perature (Figs. 1B, and 3) [30, 31]. At 23◦C,
gemcitabine precipitates at a mean of 54.3 mg/mL
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(range 48.4–60.3 depending on pH) compared to
63.5 mg/mL (range 59.4–64.9) and 69.3 mg/mL
(range 68.5–69.8) after 120 minutes at 37◦C and 43◦C
respectively (Table 1B). Our data show that dosages
up to 60 mg/mL remain soluble even after 2 hours
of hyperthermia at 43◦C. For the most part, as with
MMC, we did not observe a substantial difference

in solubility between samples heated for 60 versus
120 minutes (Appendix 1B). Due to an experimental
oversight, the solubility of gemcitabine at 43◦C for
60-minutes was not assessed and is missing. At both
23◦C and 37◦C the solubility of pH 8.00 gemcitabine
was slightly lower than that of the standard pH, pH
4.00, or pH 6.00 preparations (Fig. 2B).

Fig. 2. (Continued)
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Fig. 2. Solubility plots and segmental regressions by temperature and pH for Mitomycin C (A), Gemcitabine (B), and Cisplatin (C). Each
row of solubility plots representing a temperature (23◦C, 37◦C, 43◦C), and each column a pH (4.00, 6.00, 8.00). The included breakpoints
represent estimated kinetic solubility points derived from segmental linear regressions, all in mg/mL. Abbreviations: BP = Breakpoint,
NBP = No breakpoint calculated (no clear inflection point of solubility plot).

Table 1A
Kinetic Solubility point estimates for Mitomycin C

A) Mitomycin C Kinetic Solubility Points (mg/mL)

pH

Standard 4.00 6.00 8.00 Mean
23◦C 0.8 0.8 0.8 0.9 0.8

37◦C 60 min NBP NBP NBP NBP
120 min NBP NBP NBP NBP

43◦C 60 min NBP NBP NBP NBP
120 min NBP NBP NBP NBP

Abbreviations: NBP = No breakpoint calculated.

Table 1B
Kinetic Solubility point estimates for Gemcitabine

B) Gemcitabine Kinetic Solubility Points (mg/mL)

pH

Standard 4.00 6.00 8.00 Mean
23◦C 60.3 54.4 54.1 48.4 54.3

37◦C 60 min 64.9 63.4 64.9 58.0 62.8
120 min 64.9 64.8 64.7 59.4 63.5

43◦C 60 min NBP 58.3 68.5 59.8 62.2
120 min NBP 69.5 69.8 68.5 69.3

Abbreviations: NBP = No breakpoint calculated.

Table 1C
Kinetic Solubility point estimates for Cisplatin

C) Cisplatin Kinetic Solubility Points (mg/mL)

pH

Standard 4.00 6.00 8.00 Mean
23◦C 1.0 1.0 1.0 1.1 1.0

37◦C 60 min 2.3 3.0 2.3 2.0 2.4
120 min 2.5 NBP 1.9 2.0 2.1

43◦C 60 min NBP NBP 2.6 2.3 2.5
120 min 3.0 NBP 2.3 2.4 2.6

Abbreviations: NBP = No breakpoint calculated.

Cisplatin

Of the three drugs studied, cisplatin demonstrated
the strongest improvement in solubility with heat
(Fig. 1C). This improvement was evident after 60
minutes of incubation, without substantial further
improvement in solubility at 120 minutes (Appendix
1C). Average of the solubility points at 43◦C was
2.6 mg/mL (range 2.3–3.0 depending on pH) com-
pared to 2.1 mg/mL (range 1.9–2.5) at 37◦C and
1.0 mg/mL (range 1.0–1.1) at 23◦C (Table 1C). Like
MMC, the drug’s solubility profile appears resistant
to changes in pH (Fig. 2C).
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Fig. 3. Solubility of common dosages of Mitomycin C (2.0 mg/mL), Gemcitabine (50 mg/mL), and Cisplatin (0.5 mg/mL) at 23◦C, 37◦C,
and 43◦C at unadjusted pH.

DISCUSSION

Despite a randomized trial demonstrating
improved intravesical MMC efficacy using con-
centrations of 2.0 mg/mL versus 1.0 mg/mL, this
regimen is not universally used, in part due to
concerns about the high concentration’s solubility
when prepared under conventional methods [6,
14, 25, 36, 37]. Myers et al. report that standard
preparations of 1.0 and 2.0 mg/mL are insoluble
when prepared at room temperature. However, after
heating at 50◦C for 50 min, the drug dissolves and
remains stable for 6 hours storage at 37◦C [14].
Similarly, we demonstrated a solubility point of
0.8 mg/mL for room temperature MMC and show
that even concentrations of 2.0 mg/mL become
soluble when heated to 37◦C or 43◦C. Therefore,
while a 2.0 mg/mL MMC solution is insoluble at
preparation in the pharmacy, after it warms up in the
human bladder it probably becomes soluble, but this
takes time and reduces effective dwell time.

Initial preclinical investigations of intravesical
gemcitabine in dogs showed that doses of 350 mg
three times weekly (equivalent to a human dose of
1,000 mg/m2) were well tolerated without demon-
strable side effects [38]. Phase 1 and 2 trials then
used dosages of 500–2,000 mg in 100 mL normal
saline, citing solubility as the reason higher concen-
trations were not included [26, 27]. Gemcitabine was

detected in the serum of patients receiving 2,000 mg,
however no dose limiting toxicities were observed
[27]. Subsequent studies report doses up to 40 mg/mL
are well tolerated despite systemic detection of low
amounts of gemcitabine, <1 �g/mL, and/or it’s inac-
tive metabolite 2’,2’-difluorodeoxyuridine (dFdU)
[28, 29, 37]. At 43◦C, we show that gemcitabine
exhibits a kinetic solubility point >60 mg/mL allow-
ing for administration of much higher doses that may
improve intravesical drug delivery, albeit likely with
increased systemic absorption.

Enhanced solubility also allows for administra-
tion of higher concentrations that reduce a dose’s
necessary volume which may improve tolerability
and dwell time, especially in patients with small
bladder capacities. Gontero et al. proposed an opti-
mized intravesical gemcitabine regimen of 2,000 mg
in 100 mL saline at pH 5.5 for 2 hours [17]. However,
they notably had to exclude the 2,000 mg gemc-
itabine in 50 mL arms (concentration 40 mg/mL) due
to insolubility. With hyperthermia, preparations of 40
and even 60 mg/mL are consistently soluble and may
improve drug delivery over 100 mL preparations [25].
Gemcitabine has a pKa of 3.6, resulting in a solu-
tion pH of 2.7–3.2 when reconstituted which may
cause chemical cystitis [26, 27]. As such, the pH of
intravesical gemcitabine is often adjusted to 5.5–7 for
intravesical use to improve tolerability [17, 26, 27].
At 23◦C and 37◦C, the solubility of gemcitabine at
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pH of 8.00 was slightly lower than at 4.00 or 6.00
(Fig. 2B), suggesting that over-correction of pH may
impair solubility and therein drug delivery.

Intravesical cisplatin had been rarely studied after
reports of a 14% anaphylaxis rate in a 1981 EORTC
trial [39]. However, given its role as the mainstay of
treatment for metastatic urothelial carcinoma, interest
has recently rebounded in the form of pre-clinical and
clinical trials [32, 40, 41]. Investigators are now using
cisplatin as part of sequential multidrug intravesical
regimens with MMC and doxorubicin or gemcitabine
and cabazitaxel with promising initial results [32,
42–45]. As such, we report its solubility profiles
under various physical states to aid in dose determi-
nation of future studies.

A major limitation of this work lies on the
assumption that improvements in solubility with
hyperthermia results in improved intravesical drug
delivery and therein efficacy. However, while not
yet studied in intravesical delivery, it is well under-
stood in pharmacology that solubility is critical in oral
drug bioavailability as gastrointestinal absorption is
dependent on membrane permeability and concen-
tration of drug in the aqueous form at the site of
absorption [11, 46–48]. For this reason, solubility
screens are performed early in the drug develop-
ment process in order to identify viable candidates,
as insoluble compounds are far less likely to achieve
adequate bioavailability [11, 21, 49, 50]. While we
believe the hypothesis that these improvements will
translate into improved urothelial drug delivery, we
plan to verify this with further studies in animal mod-
els.

A limitation of our experimental design is the
requirement to remove microplates from their heated
water baths for measurement. Due to these two
minutes at room temperature, the actual solution tem-
peratures were likely slightly lower than 37 and 43◦C
at the time of measurement, however we assume that
all plates cooled a similar amount given consistent
volumes.

As an in vitro analysis, this study is also limited in
that it does not account for physiologic factors such
as dilution and breakdown from urine constituents.
The scope addresses physical stability and solubility
but not the drugs chemical stability which may be
impacted by extremes of heat and pH. Myers et al.
noted that incubation at 50◦C for 50 minutes leads to
a 5–7% loss in MMC, so we anticipate >90% drug
preservation after 2 hour at 43◦C but this also warrants
further investigation [14].

Overall, this study demonstrates and quantifies
the improvements in solubility of three intrav-
esical chemotherapies with adjunct intravesical
hyperthermia. These results may be used to aid
dosage determinations for future studies investigat-
ing whether the improvements in solubility translate
to drug delivery.
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