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400 (87) Abstract: A system for treating an acidot-
ic patient includes an intravenous-fluid supply
system, an automated fluid mixer and dispenser
connected to the intravenous-fluid supply sys-
tem to receive at least one supply fluid there-
from, an electronic control system contigured
to communicate with the automated fluid mixer
and dispenser, and an intravenous line fluidly
connected to the automated tfluid mixer and
dispenser. The intravenous line includes an in-
travenous connecter configured for injecting
intravenous fluid dispensed from the automated
fluid mixer and dispenser intravenously into
the acidotic patient. The electronic control sys-
tem is configured to control at least one of a
total volume or a flow rate of the intravenous
fluid to be injected into the acidotic patient's
blood based on at least a measured pH of the
acidotic patient's blood and based on a com-
position of the at least one supply fluid. An in-
travenous solution for treating acidosis in-
cludes sodium bicarbonate and at least one of
disodium carbonate, sodium hydroxide, and
tris(hydroxymethyl)aminomethane dissolved in
an aqueous solution. The intravenous solution
has a pH of at least 10 and a total concentration
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SYSTEMS, METHODS AND COMPOSITIONS FOR
IMPROVED TREATMENT OF ACIDOSIS

CROSS-REFERENCE OF RELATED APPLICATION
[0001] This application claims priority to U.S. Provisional Application No.
61/684,618 filed August 17, 2012; and U.S. Provisional Application No. 61/831,480 filed

June 5, 2013, the entire contents of which are hereby incorporated by reference.

BACKGROUND

1. Field of Invention

[0002] The field of the currently claimed embodiments of this invention relates to

systems, methods and compositions for improved treatment of acidosis.

2. Discussion of Related Art

[0003] Acute metabolic acidosis (a few hours to a few days in duration) and chronic
metabolic acidosis (weeks to years in duration) are associated with impaired cellular function
with increase morbidity and mortality (Kraut and Madias, 2010; Kraut, 2011). Presently, in
addition to eliminating the underlying cause, treatment options are limited primarily to
administration of base. Intravenous sodium bicarbonate has been the main base utilized in
the treatment of acute metabolic acidosis. However, there is controversy about its use (Kraut
and Kurtz, 2006). In human studies, administration of bicarbonate had no more beneficial
effect than the administration of similar quantities of sodium chloride (Cooper et al., 1990).
Moreover, the administration of base did not reduce morbidity or mortality of patients with
ketoacidosis or lactic acidosis (Kraut and Madias, 2012). The failure of bicarbonate to be
beneficial has been attributed to, in part, a reduction in intracellular pH arising from
generation of carbon dioxide with its administration, the carbon dioxide rapidly penetrating
cells producing an intracellular respiratory acidosis (Kraut and Madias, 2010). Therefore
there is a need for development of a new base that can raise extracellular and intracellular pH

and eliminate, or even reduce carbon dioxide levels in tissues.
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[0004] Carbicarb, a 1:1 mixture of sodium dicarbonate and sodium bicarbonate
(Filley and Kindig, 1985; Bersin and Arieff, 1988), does not increase generation of carbon
dioxide while raising interstitial pH and maintaining or raising intracellular pH (Shapiro et
al., 1995). Although early studies demonstrated improvement in cardiac function in animals,

limited human studies involving 1:1 Carbicarb showed only minimal benefit (Leung et al.,

1994).

[0005] Examination of the properties of the individual constituents of 1:1 Carbicarb,
however, suggest that alteration of the ratio of dicarbonate to bicarbonate could improve the

buffering capability and actually reduce tissue carbon dioxide levels (see Table 1).

[0006] Table 1. Impact of base administration on the pH and carbon dioxide pressure

PCO;. (Shapiro et al., 1995)

pH PCO, (mmHg)
Baseline (after HCI) 6.81+ .03 137+ 10
0.5 M NaHCO3 6.92 £ 0.04 240+ 6
0.5 M Na,CO3 8.82 .08 3+ 2
0.5 M NaHCO3/Na,CO;3 | 7.35 £ .07 91+9
[0007] The methods of delivery of the intravenous base could also affect the

effectiveness of the administered buffer. The complications of bicarbonate administration
have been shown to be more severe when the bicarbonate is administered rapidly as a
hyperosmolal solution. Also, adverse effects at the infusion site were seen when there was
extravasation of a highly alkaline solution. Therefore, development of methods to deliver the

base slowly in a graded fashion could be helpful in eliminating these complications.

[0008] In summary, the optimum combination of compositions (i.e. materials and

concentrations) and methods of introduction for treating various types of acidosis and
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degrees of acidosis (e.g. how far below normal body pH) have not yet been determined. An
optimum combination for a particular type of acidosis would produce a desired increase in
pH (in systemic blood as well as the interstitial and intracellular compartments) without
causing adverse side-effects, particularly tissue damage near the administration or injection
site (e.g. due to the pH of the injected solution being higher than normal body pH levels for
an extended period of time and causing caustic tissue damage). Thus, there still remains an
unmet need for formulating appropriate buffers (i.e. solutions) and/or administering them in a

more efficacious manner which can improve upon the prior art of treating metabolic acidosis.

SUMMARY

[0009] A system for treating an acidotic patient according to an embodiment of the
current invention includes an intravenous-fluid supply system, an automated fluid mixer and
dispenser connected to the intravencus-fluid supply system to receive at least one supply
fluid therefrom, an electronic control system configured to communicate with the automated
fluid mixer and dispenser, and an intravenous line fluidly connected to the automated fluid
mixer and dispenser. The intravenous line includes an intravenous connecter configured for
injecting intravenous fluid dispensed from the automated fluid mixer and dispenser
intravenously into the acidotic patient. The electronic control system is configured to control
at least one of a total volume or a flow rate of the intravenous fluid to be injected into the
acidotic patient’s blood based on at least a measured pH of the acidotic patient’s blood and

based on a composition of the at least one supply fluid.

[0010] An intravenous solution for treating acidosis according to an embodiment of
the current invention includes sodium bicarbonate and at least one of disodium carbonate,
sodium hydroxide, and tris(hydroxymethyl)aminomethane dissolved in an aqueous solution.
The intravenous solution has a pH of at least 10 and a total concentration of osmolites within

a near isotonic range.

[0011] A method of treating acidosis according to an embodiment of the current

invention includes providing an intravenous solution for treating acidosis, and administering
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the intravenous solution intravenously to an acidotic patient. The intravenous solution has a

pH of at least 10 and a total concentration of osmolites within a near isotonic range.

[0012] An intravenous dispersion for treating acidosis according to an embodiment of
the current invention includes a liquid and a plurality of particles dispersed in the liquid.
Each particle of the plurality of particles has a maximum outer dimension of less than about 2
micrometers such that the particles can pass unhindered through capillary blood vessels of an
acidotic patient being treated. Each of the plurality of particles includes at least one of a shell
and a matrix material that dissolves at a predetermined rate within the acidotic patient's blood
stream, and each of the plurality of particles includes a pH-influencing material that mixes in
the acidotic patient's blood stream at a controlled rate while the at least one of the shell and

the matrix material dissolves.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Further objectives and advantages will become apparent from a consideration

of the description, drawings, and examples.

[0014] FIG. 1 shows equilibrium pH of a solution having 0.5 M carbonate species
formed by dissolving sodium bicarbonate and sodium carbonate in neutral water. The initial
concentration of the bicarbonate anion immediately after dissolution and dissociation is
[HCO;7o. The initial concentration of the carbonate anion immediately after dissolution and
dissociation is [COs>]o. The pH is plotted as a function of the ratio [HCO37To / [Cng']o, and
the limiting values of pH at very low and very high ratio correspond to the pH of a pure
sodium carbonate solution at 0.5 M and a pure sodium bicarbonate solution at 0.5 M,

respectively.

[0015] FIG. 2 shows equilibrium pH of a solution having 0.01 M carbonate species
formed by dissolving sodium bicarbonate and sodium carbonate in neutral water. The initial
concentration of the bicarbonate anion immediately after dissolution and dissociation is

[HCO37o. The initial concentration of the carbonate anion immediately after dissolution and
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dissociation is [CO5>o. The pH is plotted as a function of the ratio [HCO;3]p /[CO32’]0, and
the limiting values of pH at very low and very high ratio correspond to the pH of a pure

sodium carbonate solution at 0.01 M and a pure sodium bicarbonate solution at 0.01 M,

respectively.

[0016] FIG. 3 shows equilibrium pressure of CO,, pCO, , of a solution having 0.5 M
carbonate species formed by dissolving sodium bicarbonate and sodium carbonate in neutral

water plotted as a function of the ratio [HCO37]o/ [C032']o.

[0017] FIG. 4 shows equilibrium pressure of CO,, pCO, , of a solution having 0.01
M carbonate species formed by dissolving sodium bicarbonate and sodium carbonate in

neutral water plotted as a function of the ratio [HCO3]o/ [CO32']0.

[0018] FIG. 5 is a schematic illustration of a system for treating an acidotic patient

according to an embodiment of the current invention.

[0019] FIG. 6 is a schematic illustration of a system for treating an acidotic patient

according to another embodiment of the current invention.

[0020] FIG. 7 is a schematic illustration of a system for treating an acidotic patient

according to another embodiment of the current invention.

[0021] FIG. 8 is a schematic illustration of a system for treating an acidotic patient

according to another embodiment of the current invention.

[0022] FIGS. 9A-9C are schematic illustrations of nanoparticles for forming

dispersions for treating an acidotic patient according to some embodiments of the current

invention.

[0023] FIG. 10 shows measured pH of a 0.50 M solution of sodium carbonate and
sodium bicarbonate over a wide range of ratios given by the initial bicarbonate ion

concentration divided by the initial carbonate ion concentration [HCOs Jo/ [CO5%To.

[0024] FIG. 11 shows calculated pH of an aqueous solution of sodium bicarbonate

and sodium hydroxide, where the initial concentration of sodium bicarbonate is fixed at
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[HCOs]o = 0.25 M, as a function of the initial concentration of sodium hydroxide (and
therefore the hydroxide ion) [OHo.

[0025] FIG. 12 shows calculated pCO; of an aqueous solution of sodium bicarbonate
and sodium hydroxide, where the initial concentration of sodium bicarbonate is fixed at
[HCOs;)o = 0.25 M, as a function of the initial concentration of sodium hydroxide (and
therefore the hydroxide ion) [OH7o. Units of pCO; are in mm Hg.

[0026] FIGS. 13A-13D provides details of the content of HydroxyBicarb calculations

corresponding to Figures 11 and 12.
[0027] FIGS. 14A-14D show details of calculations corresponding to Figures 1-4.

[0028] FIG. 15 shows pH of canine blood of 7May2013, measured using an IDEXX
Vetstat blood-gas analyzer (BGA), as a function of concentration of Na,COs base solution (1
part Na,COj3 solution added to 9 parts canine blood). Molarity of the base solution refers to
molarity of carbonate species. The pH value at zero molarity corresponds to untreated canine
blood. The addition of this base solution raises pH. A linear least squares fit (solid line) to the
data yield an intercept of 6.99 + 0.03 pH units and a slope of 0.0037 +£0.0003 pH units/mM.
Measurements (not shown) at 200 mM, 250 mM, and 360 mM gave results of pH > 7.8, the

upper limit of the BGA's measurement capability.

[0029] FIG. 16 provides PCO2 of canine blood of 7May2013, measured using an
IDEXX Vetstat blood-gas analyzer (BGA), as a function of concentration of Na,COj3 base
solution (1 part Na,COj3 solution added to 9 parts canine blood). Molarity of the base solution
refers to molarity of carbonate species. The PCO2 value at zero molarity corresponds to
untreated canine blood. The addition of this base solution lowers PCO2. A measurement (not
shown) of PCO2 at 360 mM yielded a result of < 10 mm Hg, below the measurement limit of
the BGA of 10 mm Hg.

[0030] FIG. 17 shows equilibrium concentration of the bicarbonate ion, HCO3', in

canine blood of 7May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as
a function of concentration of Na,CO3 base solution (1 part Na,COs solution added to 9 parts
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canine blood). Molarity of the base solution refers to molarity of carbonate species. The

[HCOj5]eq value at zero molarity corresponds to untreated canine blood. The addition of this

base solution raises [HCOs Jeq.

[0031] FIG. 18 shows pH of treated canine blood of 9May2013, measured using an
IDEXX Vetstat blood-gas analyzer (BGA), as a function of percentage of NaOH in a
treatment base solution that is a mixture of sodium hydroxide and disodium carbonate. The
points shown correspond to near-isotonic treatment base solutions of 150 mM NaOH
(100%), 150 mM NayCO;3 (0%), and 1 part 150 mM Na,COj; solution mixed with 1 part 150
mM NaOH (50%). The concentration of strong-base species is thus fixed at 150 mM. One
part of the treatment base solution is added to 9 parts of canine blood. The average increase
in pH =~ 0.60 as a result of adding 150 mM strong-base treatment solution is nearly
independent of the type of strong base added; this corresponds to a change of 0.004 pH

units/mM strong base.

[0032] FIG. 19 shows PCO2 of treated canine blood of 9May2013, measured using
an IDEXX Vetstat blood-gas analyzer (BGA), as a function of percentage of NaOH in a
treatment base solution that is a mixture of sodium hydroxide and disodium carbonate. The
points shown correspond to near-isotonic treatment base solutions of 150 mM NaOH
(100%), 150 mM Na,CO; (0%), and 1 part 150 mM Na,COs solution mixed with 1 part 150
mM NaOH (50%). The concentration of strong-base species in the treatment base solution is
thus fixed at 150 mM. One part of the treatment base solution is added to 9 parts of canine
blood.

[0033] FIG. 20 shows equilibrium bicarbonate ion concentration of treated canine
blood of 9May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a
function of percentage of NaOH in a treatment base solution that is a mixture of sodium
hydroxide and disodium carbonate. The points shown correspond to near-isotonic treatment
base solutions of 150 mM NaOH (100%), 150 mM Na,CO; (0%), and 1 part 150 mM
Na,CO; solution mixed with 1 part 150 mM NaOH (50%). The concentration of strong-base
species in the treatment base solution is thus fixed at 150 mM. One part of the treatment base

solution is added to 9 parts of canine blood.
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[0034] FIG. 21 shows equilibrium sodium ion concentration of treated canine blood
of 9May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of
percentage of NaOH in a treatment base solution that is a mixture of sodium hydroxide and
disodium carbonate. The points shown correspond to near-isotonic treatment base solutions
of 150 mM NaOH (100%), 150 mM Na,COj; (0%), and 1 part 150 mM NayCOs solution
mixed with 1 part 150 mM NaOH (50%). The concentration of strong-base species in the
treatment base solution is thus fixed at 150 mM. One part of the treatment base solution is

added to 9 parts of canine blood.

[0035] FIG. 22 shows pH of base-treated canine HCl-acidified blood of 9May2013,
measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of concentration
of Na,CO; base solution (1 part Na,COs solution added to 9 parts canine HCl-acidified
blood). Molarity of the base solution refers to molarity of carbonate species. The pH value at
zero molarity corresponds to HCl-acidified canine blood. The addition of this base solution
raises pH. A linear least squares fit (solid line) to the data yield an intercept of 6.62 + 0.03
pH units and a slope of 0.0050 £0.0002 pH units/'mM. The pH measurement at added
[Na,COs3] = 250 mM was made using a pH meter, not the BGA, since the pH lies above the

measurement range of the BGA.

[0036] FIG. 23 shows PCO2 of base-treated canine HCl-acidified blood of
9May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of
concentration of Na,COs base solution (1 part Na;COs solution added to 9 parts canine HCl-
acidified blood). Molarity of the base solution refers to molarity of carbonate species. The

PCO2 value at zero molarity corresponds to canine HCl-acidified blood.

,[0037] FIG. 24 shows equilibrium concentration of the bicarbonate ion in base-
treated canine HCl-acidified blood of 9May2013, measured using an IDEXX Vetstat blood-
gas analyzer (BGA), as a function of concentration of NaCOs base solution (1 part Na,COs
solution added to 9 parts canine HCl-acidified blood). Molarity of the base solution refers to

molarity of carbonate species. The [HCOs ]¢q value at zero molarity corresponds to canine

HCl-acidified blood.
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[0038] FIG. 25 shows equilibrium concentration of the sodium ion in base-treated
canine HCl-acidified blood of 9May2013, measured using an IDEXX Vetstat blood-gas
analyzer (BGA), as a function of concentration of NaCO; base solution (1 part Na,COs3
solution added to 9 parts canine HCl-acidified blood). Molarity of the base solution refers to
molarity of carbonate species. The [Na']eq value at zero molarity corresponds to canine HCI-

acidified blood.

[0039] FIG. 26 shows pH of base-treated canine HCl-acidified blood of 9May2013,
~ measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of percentage of
NaOH in a treatment base solution that is a mixture of sodium hydroxide and disodium
carbonate. The points shown correspond to near-isotonic treatment base solutions of 150 mM
NaOH (100%), 150 mM Na,CO; (0%), and 1 part 150 mM Na,COs solution mixed with 1
part 150 mM NaOH (50%). The concentration of strong-base species is thus fixed at 150
mM. One part of the treatment base solution is added to 9 parts of canine HCl-acidified
blood. The average increase in pH = 0.68 as a result of adding 150 mM strong-base treatment
solution is nearly independent of the type of strong base added; this corresponds to a change

of 0.0045 pH units/mM strong base.

[0040] FIG. 27 shows PCO2 of base-treated canine HCl-acidified blood of
9May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of
percentage of NaOH in a treatment base solution that is a mixture of sodium hydroxide and
disodium carbonate. The points shown correspond to near-isotonic treatment base solutions
of 150 mM NaOH (100%), 150 mM Na,COs3 (0%), and 1 part 150 mM NayCOj3 solution
mixed with 1 part 150 mM NaOH (50%). The concentration of strong-base species in the
treatment base solution is thus fixed at 150 mM. One part of the treatment base solution is

added to 9 parts of canine HCl-acidified blood.

[0041] FIG. 28 shows equilibrium bicarbonate ion concentration of base-treated
canine HCl-acidified blood of 9May2013, measured using an IDEXX Vetstat blood-gas
analyzer (BGA), as a function of percentage of NaOH in a treatment base solution that is a
mixture of sodium hydroxide and disodium carbonate. The points shown correspond to near-

isotonic treatment base solutions of 150 mM NaOH (100%), 150 mM Na,COj3 (0%), and 1
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part 150 mM Na,COj; solution mixed with 1 part 150 mM NaOH (50%). The concentration
of strong-base species in the treatment base solution is thus fixed at 150 mM. One part of the

treatment base solution is added to 9 parts of canine HCl-acidified blood.

[0042] FIG. 29 shows equilibrium sodium ion concentration of base-treated canine
HCl-acidified blood of 9May2013, measured using an IDEXX Vetstat blood-gas analyzer
(BGA), as a function of percentage of NaOH in a treatment base solution that is a mixture of
sodium hydroxide and disodium carbonate. The points shown correspond to near-isotonic
treatment base solutions of 150 mM NaOH (100%), 150 mM Na,COj; (0%), and 1 part 150
mM Na,COj3 solution mixed with 1 part 150 mM NaOH (50%). The concentration of strong-
base species in the treatment base solution is thus fixed at 150 mM. One part of the treatment

base solution is added to 9 parts of canine HCl-acidified blood.

[0043] FIG. 30 shows pH of base-treated canine HCl-acidified blood of 9May2013,
measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of total
carbonate concentration of base-treatment solution consisting of an equimolar solution of
sodium bicarbonate and disodium carbonate. The base-treatment solution at 667 mM total
carbonate concentration is classic "carbicarb” (333 mM NaHCO; +333 mM Na,COs). One
part base-treatment solution is added to 9 parts canine HCl-acidified blood. The pH value at
zero molarity corresponds to that of canine HCl-acidified blood. The addition of this base
solution raises pH. A linear least squares fit (solid line) to the data yield an intercept of 6.71
+ 0.20 pH units and a slope of 0.0026 +0.0005 pH units/mM. The pH measurement at a total
carbonate concentration of 667 mM in the base-treatment solution was made using a pH

meter, not the BGA, since the pH lies above the measurement range of the BGA.

[0044] FIG. 31 shows PCO2 of base-treated canine HCl-acidified blood of
9May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of
total carbonate concentration of base-treatment solution consisting of an equimolar solution
of sodium bicarbonate and disodium carbonate. The base-treatment solution at 667 mM total
carbonate concentration is classic "carbicarb" (333 mM NaHCO; +333 mM Na,COs3). One
part base-treatment solution is added to 9 parts canine HCl-acidified blood. The PCO2 value

at zero molarity corresponds to that of canine HCl-acidified blood.

10
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[0045] FIG. 32 shows equilibrium bicarbonate ion concentration of base-treated
canine HCl-acidified blood of 9May2013, measured using an IDEXX Vetstat blood-gas
analyzer (BGA), as a function of total carbonate concentration of base-treatment solution
consisting of an equimolar solution of sodium bicarbonate and disodium carbonate. The
base-treatment solution at 667 mM total carbonate concentration is classic "carbicarb" (333
mM NaHCO; +333 mM NayCOs). One part base-treatment solution is added to 9 parts
canine HCl-acidified blood. The [HCO;s]eq value at zero molarity corresponds to that of

canine HCl-acidified blood.

[0046] FIG. 33 shows equilibrium sodium ion concentration of base-treated canine
HCl-acidified blood of 9May2013, measured using an IDEXX Vetstat blood-gas analyzer
(BGA), as a function of total carbonate concentration of base-treatment solution consisting of
an equimolar solution of sodium bicarbonate and disodium carbonate. The base-treatment
solution at 667 mM total carbonate concentration is classic "carbicarb” (333 mM NaHCO;

+333 mM Na,COs). One part base-treatment solution is added to 9 parts canine HCl-acidified

blood. The [NajL]cq value at zero molarity corresponds to that of canine HCl-acidified blood.

[0047] FIG. 34 shows pH of base-treated canine HCl-acidified blood of 21May2013,
measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of percent
disodium carbonate in a mixed base-treatment solution of sodium bicarbonate and disodium
carbonate, where the total concentration of added carbonate species of the base-treatment
solution is fixed at 150 mM. One part base-treatment solution is added to 9 parts canine HCI-
acidified blood. The dashed line shows the pH of HCl-acidified canine blood of 21May2013

prior to treatment with the base-treatment solution.

[0048] FIG. 35 shows PCO2 of base-treated canine HCl-acidified blood of
21May2013, measured using an IDEXX Vetstat blood-gas analyzer (BGA), as a function of
percent disodium carbonate in a mixed base-treatment solution of sodium bicarbonate and
disodium carbonate, where the total concentration of added carbonate species of the base-
treatment solution is fixed at 150 mM. One part base-treatment solution is added to 9 parts
canine HCl-acidified blood of 21May2013. The dashed line shows the PCO2 of HCI-

acidified canine blood of 21May2013 prior to treatment with the base-treatment solution.

11
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[0049] FIG. 36 shows equilibrium concentration of bicarbonate ion [HCO;3¢q in
base-treated canine HCl-acidified blood of 21May2013, measured using an IDEXX Vetstat
blood-gas analyzer (BGA), as a function of percent disodium carbonate in a mixed base-
treatment solution of sodium bicarbonate and disodium carbonate, where the total
concentration of added carbonate species of the base-treatment solution is fixed at 150 mM.
One part base-treatment solution is added to 9 parts canine HCl-acidified blood of
21May2013. The dashed line shows the [HCOsTeq of HCl-acidified canine blood of

21May2013 prior to treatment with the base-treatment solution.

[0050] FIG. 37 shows equilibrium concentration of sodium ion [NaJ']eq in base-
treated canine HCl-acidified blood of 21May2013, measured using an IDEXX Vetstat blood-
gas analyzer (BGA), as a function of percent disodium carbonate in a mixed base-treatment
solution of sodium bicarbonate and disodium carbonate, where the total concentration of
added carbonate species of the base-treatment solution is fixed at 150 mM. One part base-
treatment solution is added to 9 parts canine HCl-acidified blood of 21May2013. The dashed
line shows the [Na']eq of HCl-acidified canine blood of 21May?2013 prior to treatment with

the base-treatment solution.

[0051] FIG. 38 shows brightfield transmission optical micrograph of untreated
canine blood of 9May2013. Nearly all red blood cells (RBCs) are biconcave (i.e. normal) in
shape and undamaged (few RBCs are spiculated). Rouleaux (i.e. attractive columnar
aggregates of RBCs) are not observed. Scale: the field of view shown is about 298 microns x

184 microns.

[0052] FIG. 39 shows brightfield optical transmission micrograph of canine blood of
9May2013 treated with 1 M sodium bicarbonate solution (1 part 1 M NaHCO; solution
added to 9 parts blood). Many RBCs have been damaged by the treatment; many fragments
of RBCs (i.e. schistocytes) and highly deformed RBCs are observed. Scale: the field of view

shown is about 298 microns x 184 microns.

[0053] FIG. 40 shows brightfield transmission optical micrograph of canine blood of
9May2013 treated with a near-isotonic solution of disodium carbonate (1 part 150 mM
aqueous solution of Na;CO3 added to 9 parts blood). Nearly all red blood cells (RBCs) are
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biconcave (i.e. normal) in shape and undamaged (few RBCs are spiculated). Rouleaux (i.e.
attractive columnar aggregates of RBCs) are not observed. Scale: the field of view shown is

about 298 microns x 184 microns.

[0054] FIG. 41 shows brightfield transmission optical micrograph of canine blood of
9May2013 treated with a near-isotonic solution of sodium hydroxide (1 part 150 mM
aqueous solution of NaOH added to 9 parts blood). Nearly all red blood cells (RBCs) are
biconcave (i.e. normal) in shape but a minor fraction of RBCs are spiculated. However,
rouleaux (i.e. attractive columnar aggregates of RBCs) are frequently observed. Scale: the

field of view shown is about 298 microns x 184 microns.

[0055] FIG. 42 shows brightfield transmission optical micrograph of canine blood of
9May2013 treated with a near-isotonic solution 75 mM sodium hydroxide : 75 mM disodium
carbonate (1 part 150 mM strong base aqueous solution added to 9 parts blood). Nearly all
red blood cells (RBCs) are biconcave (i.e. normal) in shape but a minor fraction of RBCs are
spiculated. Some rouleaux (i.e. attractive columnar aggregates of RBCs) are observed: more
than in Figure 40 but far fewer than in Figure 41. Scale: the field of view shown is about 298

microns x 184 microns.

[0056] FIG. 43 shows brightfield transmission optical micrograph of canine blood of
9May2013 treated with 150 mM HCI solution to acidify the blood (1 part 150 mM aqueous
solution of HCI added to 9 parts blood). A large fraction of RBCs are spiculated, compared to
the untreated blood in Figure 38. Rouleaux (i.e. attractive columnar aggregates of RBCs) of
non-spiculated RBCs are also frequently observed. Significant irreversible damage to RBCs,
primarily observed as spiculation, by HCl-acidification of the blood can complicate the
interpretation of micrographs of HCl-acidified blood that is subsequently treated by base

solutions. Scale: the field of view shown is about 298 microns x 184 microns.

[0657] FIG. 44 shows brightfield transmission optical micrograph of canine blood of
9May2013 treated with equimolar carbonate solution of sodium bicarbonate at 333 mM plus
disodium carbonate at 333 mM (1 part 333 mM NaHCO; + 333mM NayCOs aqueous
solution added to 9 parts blood). A large fraction of RBCs exhibit spiculation, deformation,

or breakage; a significant fraction of schistocytes are also observed compared to the
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untreated blood in Figure 38. Some rouleaux (i.e. attractive columnar aggregates of RBCs)

are also observed. Scale: the field of view shown is about 298 microns x 184 microns.

[0058] FIG. 45 shows brightfield transmission optical micrograph of canine blood of
21May2013 treated with a near-isotonic solution of saline-supplemented sodium hydroxide
(1 part 150 mM aqueous solution of NaOH containing 75 mM NaCl added to 9 parts blood).
Nearly all red blood cells (RBCs) are biconcave (i.e. normal) in shape and very few RBCs
are spiculated. However, a few smaller rouleaux are present. Overall, the addition of a small
saline concentration appears to reduce the amount of spiculation and rouleaux formation
compared to 150 mM NaOH only treatment shown in Figure 41. Scale: the field of view

shown is about 298 microns x 184 microns.

[0059] FIG. 46 shows measured pH during titration of an initial volume of 4 mL of
HCl-acidified canine blood using an added volume ¥y of a near-isotonic base-treatment
solution: 150 mM NaHCOj; (squares), 100 mM Na,COj (circles), and 100 mM NaOH : 100
mM NaCl (triangles). The titration has been performed at 23 °C.

J0060] FIG. 47 shows an embodiment of a computer-controlled system and custom-
written computer software for dispensing liquid base-treatment solutions, including the
option of feedback control based on signals of blood pH measured by a pH measuring device.
As configured, the liquid dispensing device has two separate 25 mL syringes mounted in a
computer-controllable dual-syringe Hamilton Microlab 560 syringe pump. These syringes are
connected to two separate computer-controlled valves that enable the syringes to be refilled
from separate liquid reservoirs (here shown in two different beakers), which hold two liquid
solutions. Two separate input polymer-tubing lines are arranged to transport liquids from the
two liquid reservoirs to the two computer-controlled valves. The volume rate of liquid
dispensed and total volume of liquid dispensed from each syringe can be independently
controlled, and both syringes can dispense liquids simultaneously at different rates via two
output tubing lines. A pH meter (Accumet AB150) and pH probe are connected to the control
computer (Dell Precision 490 workstation). As shown here, there are two output polymer-
tubing lines that are connected to the top of the two separate computer-controlled valves. The

ends of these tubing lines are connected to a patient's circulatory system through needles at
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two separate points on the patient. The computer software continuously reads the pH from
the pH meter's probe (which can be contacted with the blood of the patient via a probe
mounted in a perforated needle that is inserted into the patient's circulatory system) through a
serial digital electronic interface with the pH meter, and the computer software is
programmed to alter or stop the flow of liquids based on the real-time pH measurement and

stored information and equations that are part of the computer software program.

[0061] FIG. 48 shows total circulating blood volume (blue squares), remaining
original blood volume (red circles), injected 0.55 M lactic acid solution volume (green
diamonds), and volume of near-isotonic base solution 112.5 mM Na,CO; + 37.5 mM
NaHCO; injected (black triangles) as a function of time after the initial bleed for RAT A.
RAT A characteristics: male Sprague-Dawley, weight 246.6 g, date of birth 4/9/2013. The
0.55 M lactic acid solution is injected into the femoral vein using a programmable syringe
pump, and stopped. Subsequently, the base solution is injected into the femoral vein using a

programmable syringe pump. The total injected volume of base solution is about 3.3 mL.

[0062] FIG. 49 shows blood-gas parameters pH (upper panel), PCO2 (middle panel)
and [HCO3-] (lower panel) of RAT A measured using a blood-gas analyzer (IDEXX
VetStat) as a function of time after the initial bleed, corresponding to the injected volumes of
acid and base solutions described in Figure 1. Treatment of the acidotic state of RAT A (at
about 90 min) by about 3.3 mL of the near-isotonic base solution (112.5 mM Na,COs3 + 37.5
mM NaHCOs) results in: an increase in pH (averaged over arterial and venous), ApH = +
0.26; a very small average change in pressure of CO,, APCO2 = + 2.5 mm Hg; and an

average increase in bicarbonate ion concentration, AfHCO3-] =+ 9.4 mM.

[0063] FIG. 50 shows blood ion concentrations [Na'] and [CI] (upper panel) and
[K*] (lower panel) of RAT A measured using a blood-gas analyzer (IDEXX VetStat) as a
function of time after the initial bleed, corresponding to the injected volumes of acid and base
solutions described in Figure 1. These ion concentrations in the blood of RAT A are not

strongly affected by the injected solutions.
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DETAILED DESCRIPTION
[0064] Some embodiments of the current invention are discussed in detail below. In
describing embodiments, specific terminology is employed for the sake of clarity. However,
the invention is not intended to be limited to the specific terminology so selected. A person
skilled in the relevant art will recognize that other equivalent components can be employed
and other methods developed without departing from the broad concepts of the current
invention. All references cited anywhere in this specification, including the Background and
Detailed Description sections, are incorporated by reference as if each had been individually

incorporated.

[0065] Some embodiments of the current invention can provide an improved form of
base and base delivery for treatment of Acute Metabolic Acidosis. The following describes
new systems, new materials (e.g. forms of bases) and new methods of base administration
that can enable more efficacious treatment of acidosis, such as, but not limited to acute

metabolic acidosis, while minimizing or preventing undesirable side-effects.
New form of Base for Treatment of Acute Metabolic Acidosis

[0066] Utilization of bicarbonate-based solutions, rather than alternative buffers such
as THAM, is attractive because in an open system, as present in the body, carbon dioxide
produced in the buffering process can be eliminated through the lungs. By contrast, THAM
with accompanying protons has to be excreted in the urine. On the other hand if the
buffering can be accomplished while minimizing the carbon dioxide produced, this can
provide a distinct advantage. The optimal ratio of NaHCOj3 : Na,COs dissolved to form an
aqueous solution for intravenous administration in the treating of acute metabolic acidosis
has never been determined for different types and degrees of acidosis. The choice of a 1:1
ratio for the Carbicarb formulation in the past was presumed because its administration did
not increase generation of carbon dioxide and also raised extracellular and intracellular pH in
animal studies (Bersin and Arieff, 1988). However, as indicated in Table 1, dicarbonate per
se actually consumes carbon dioxide, a valuable property which enhances its value as a
buffer since increased carbon dioxide tissue levels often accompany states associated with

lactic acidosis. Therefore, generation of a base formulation having a greater dicarbonate to
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bicarbonate ratio would be desirable. Herein, we use bicarbonate to refer to HCO5', and we

use either dicarbonate or carbonate to refer to CO4%.

[0067] The choice of a 1:1 ratio for the Carbicarb formulation used in the past, in
combination with a standard injection scenario, is too caustic for injection and administration
by the standard method of treatment, leading to tissue damage in the patient near the injection
site resulting from prolonged exposure of this tissue to a significantly higher pH than is
normal. Such tissue damage local to the injection site has been reported for concentrated
solutions of sodium carbonate (see e.g. the Medical History section of Filley and Kindig
1985), which are significantly more basic (pH typically above 10) than concentrated

solutions of sodium bicarbonate (pH typically near 8.3).

[0068] Although a sodium bicarbonate solution could be a good starting point for an
improved treatment of acidosis in terms of known safe use in humans, sodium carbonate is
not the only alternative material that could be used to raise the pH of the treatment solution.
An alternative treatment solution for acidosis that has a higher pH than that of a sodium
bicarbonate solution can be more efficacious in terms of raising a patient's overall pH
without creating unwanted side-effects; however, sustained exposure of the patient to a
higher pH of an alternative treatment solution could potentially cause unwanted tissue
damage, especially near the injection site where the treatment is administered to the patient.
For instance, sodium hydroxide is an example of a strong base that, when added in low
concentrations judiciously, could be used in conjunction with a buffer like sodium
bicarbonate to raise the pH of the alternative treatment solution above that of pure sodium
bicarbonate solution. In fact, as is pointed out in Oxtoby et al., addition of a strong base to
the amphoteric carbonate system in water can lead to an increase in pH and a change in the

ratios of the equilibrium concentrations of bicarbonate ions and carbonate ions.

[0069] Using equilibrium equations of acid-base physical chemistry, it is possible to
solve for the equilibrium pH of an aqueous solution resulting by dissolving into pure neutral

water an initial quantity of sodium bicarbonate, yielding an initial bicarbonate anion
concentration [HCOs;)p and an initial quantity of sodium carbonate, yielding an initial

carbonate anion concentration [CO3® ]p immediately following dissolution and dissociation.
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With these initial concentrations, using equations for water autoionization, charge neutrality,
conservation of matter (i.e. carbonate species), law of mass action for the deprotonation of
carbonic acid H,COj5 in water into a bicarbonate anion and a hydronium ion, and law of mass
action for the deprotonation of the bicarbonate anion in water into a carbonate anion and a
hydronium ion. The unknown concentrations at equilibrium are [H;0], [OH], [Na'],
[HoCOs], [HCO;37], and [CO32 "]. These equations can be reduced to a 4th order polynomial
(i.e. quartic equation) in the hydronium ion concentration [H307] (see below for details about
the calculations). Quartic equations can be solved, and the solution of this equation is
facilitated by use of the software program Mathematica. Out of four possible complex

solutions, only the real, positive solution is physical, so it is chosen.

J0070] As an example, the predicted equilibrium pH at 0.5 M total carbonate
concentration for different ratios of initial bicarbonate to carbonate concentrations is shown
in Figure 1. The result for the pH in the limit of large ratio (corresponding to pure
bicarbonate solution) of around 8.34 is correct, according to a textbook solution of the pH of
a sodium bicarbonate solution (see e.g. Oxtoby et al.). Values of Kal = 4.3 x 107 for
carbonic acid deprotonation and Ka2 = 4.8 x 10! for deprotonation of the bicarbonate anion
are at room temperature, rather than body temperature, but that small change in temperature
would make only a slight difference in the Kal and Ka2 values and thus the predicted pH.
Note: the value of 4.3 x 107 chosen for Kal effectively incorporates the equilibrium between
dissolved CO1(ag) and HyCOs(aq). In the calculations, we designate the total carbonate
concentration to be Cir = [HCO5]o + [CO32']0 and we designate the initial ratio of

bicarbonate to carbonate ions to be R = [HCO37]o/ [COs™To.

[0071] From Figures 1 and 2, it can be seen that the predicted pH for 1:1 Carbicarb
solution (where [HCO;3]o /[COs* ]y = 1) is about 10.2 and depends only very weakly on the
overall concentration of carbonate species in a concentration range typical of a treatment
solution. Thus, 1:1 Carbicarb's pH of about 10.2 is quite basic and caustic, and the effect of
caustic tissue damage during the typical intravenous administration protocol is likely to be
the reason why 1:1 Carbicarb has not been pursued commercially. However, this does not
rule out custom-design of a solution that may contain a more optimal ratio of initial sodium

bicarbonate to sodium carbonate concentration.
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[0072] Although the trends are suggestive and can be used as a guideline for design
purposes, these predictions for pH in Figures 1 and 2 are nevertheless somewhat approximate
and further refinement may be necessary to obtain exact values that would match with
experiment. So, the trend of the pH from a solution of pure sodium bicarbonate to a solution
of pure sodium carbonate (e.g. as shown in Figures 1 and 2) is only approximate, and the
actual measured equilibrium pH could differ somewhat from the values plotted. Thus, a
measured pH curve as a function of overall carbonate concentration and [HCOsTo/ [CO32']0

could also be used for designing an optimal solution for treating acidosis.

[0073] Adding sodium carbonate (or other bases) in addition to sodium bicarbonate
to neutral water can be used to raise the overall solution pH after equilibrium is reached,
compared to the pH of a pure sodium bicarbonate solution. A higher pH of a treatment
solution could be desirable from the point of view of raising overall blood pH when
administered to a patient suffering from acidosis, provided undesirable side-effects, such as

caustic damage near the injection site, can be limited to an acceptable level.

[0074] In addition to pH, the pressure of CO,, pCO,, in the solution of sodium
carbonate and sodium bicarbonate to be administered is also important, since lower pCO; is
typically desirable in formulations for treating acidosis. (pCO; may also be indicated PCO,
herein. They are intended to have the same meaning.) Using the equilibrium equations, the
actual concentration of CO, and pCO; of sodium carbonate and sodium bicarbonate solutions
having different overall concentrations and ratios R = [HCO3)o /[Cng']o are predicted (see
below for details). In Figure 3, the result for Ciot = 0.5 M total carbonate concentration is
shown, and in Figure 4, the result for Ci,t = 0.01 M total carbonate concentration is shown.
For both total concentrations, a smaller ratio R, corresponding to more sodium carbonate in

the formulation, reduces pCO,.

[0075] In an embodiment of the current invention, the predicted equilibrium pH and
pCO,, as a function of total carbonate concentration Cio and R are used to select a treatment
solution of a mixture of a solution of sodium carbonate and a solution of sodium bicarbonate

to treat a patient suffering from acidosis based on at least a pH measurement of a patient.
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[0076] In an embodiment of the current invention, a treatment solution consisting of a
mixture of a solution of sodium carbonate and a solution of sodium bicarbonate having Cyot >

0.01 M and a ratio R > 1 is administered to a patient suffering from acidosis.

[0077] Here, we use the common word “intravenous”, but administration of the
treatment solution could be intra-arterial or via some other access route into the circulatory

system and blood stream of the patient.

Example Treatment Solution 1

[0078] Using the calculations shown in Figure 1, a ratio [HCO3o /[CO32']0 = 30 at
0.5 M of a treatment solution (made from sodium bicarbonate and sodium carbonate) would
provide a higher pH of about 8.8 (as compared to a solution of pure sodium bicarbonate).
This solution having a higher pH than a pure sodium bicarbonate solution would be most
appropriate for treating extreme acidosis, in which the patient needs to have blood and

cellular pH raised substantially and more rapidly towards a normal level.

Example Treatment Solution 2

[0079] Using the calculations shown in Figure 1, a ratio [HCO3]o /[COs* o = 60 at
0.5 M of a treatment solution (made from sodium bicarbonate and sodium carbonate) would
provide a higher pH of about 8.6 (as compared to a solution of pure sodium bicarbonate).
This solution having a higher pH than a pure sodium bicarbonate solution would be most
appropriate for treating mild acidosis, in which the patient needs to have blood and cellular

pH raised mildly and gradually towards a normal level.

Example Treatment Solution 3

[0080] The ratio of sodium bicarbonate to sodium carbonate mixed into water to form
the treatment solution is determined according to the patient's measured blood pH relative to
normal blood pH. If the patient's measured blood pH is in the extremely acidemic range (e.g.
a pH below about 7.1), then the ratio [HCO3]o/ [CO3* ] is chosen to be below about 50, and

if the patient's measured blood pH is in the mildly acidemic range (e.g. a pH between about
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7.2 and about 7.3), then the ratio is chosen to be above about 50. This is assuming

administration by standard intravenous delivery.

Example Treatment Solution 4

[0081] In this example, a solution of sodium bicarbonate is mixed with a solution of
sodium hydroxide, a different strong base than sodium carbonate. The addition of sodium
hydroxide creates much the same effect as adding sodium carbonate in raising the solution's
pH, compared to a solution of pure sodium bicarbonate, but yet does not contribute to the
total carbonate concentration. For instance, a 0.5 M solution of sodium bicarbonate is added

to a 0.1 M solution of sodium hydroxide to form a basic treatment solution suitable for

treating acidosis.

Example Treatment Solution §

[0082] In this example, a solution of sodium bicarbonate is mixed with a solution of
sodium carbonate to create a treatment solution having Cyo¢ = 0.5 M and R in a range given

by Figure 3 that is selected such that pCO2 of the resulting solution is less than 10 mm.

Example Treatment Method

[0083] Typical injection and treatment scenarios for acidosis typically administer a
sodium bicarbonate solution through a standard intravenous injection at a single inj ection site
into the patient's bloodstream. In this form of administration of the treatment solution, the
rate of injection into the bloodstream over the course of administration is approximately
constant, and it may even be unregulated. There is typically no feedback information used to
actively control the composition, concentration, and/or rate of injection of a treatment
solution. Typically, tissue in the region of the single injection site is subjected to a higher
caustic exposure over a prolonged period of time than tissue further downstream and away
from the injection site as a result of the caustic nature of the treatment solution prior to
intermixing with the flowing blood. Whereas sodium bicarbonate solutions having a pH in
the range of about 8.0 to 8.3 can be administered safely using this protocol, by contrast, other

treatment solutions for acidosis, which may be designed to have higher pH to better raise
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blood pH, can create an adverse side-effect of undesirable tissue damage near, around, and
downstream from the single injection site. So, there remains a need for improvements in
combining the design of the administration method of a treatment solution for acidosis with

the design of the composition of a treatment solution.

[0084] In this aspect of the current invention, a treatment solution having a higher pH
than sodium bicarbonate solution is administered to a patient in a time-varying and spatially-
varying manner that more evenly distributes the caustic exposure around a larger region of
the body, thereby reducing and/or eliminating tissue damage that would otherwise occur if
the treatment solution were injected using a standard method in a single injection site. Thus,
regions of tissue proximate to the injection sites (where the intravenous (IV) needle is
inserted into the patient) will have at least some time to recover closer to the body's normal

pH (thereby avoiding or reducing tissue damage).

[0085] Accordingly, an embodiment of the current invention is to inject the treatment
solution into the patient in a time-varying, controlled manner that enables the circulatory
system of the patient to distribute the acid-neutralizing components in the treatment solution

more evenly, thereby reducing the side-effect of local caustic tissue damage to an acceptable

level.

[0086] In particular, in one embodiment, the volume rate of delivery of treatment
solution is not constant, but can be varied in time (e.g. can be periodic in time yielding
repeating cycles of a higher rate and a lower rate) so that tissue in the injection region
exposed to the treatment solution has time to recover to closer to normal pH as the blood

circulates and carries and distributes the treatment solution downstream in the patient.

[0087] Alternatively, in another embodiment, the pH of the treatment solution can
also be varied in time (e.g. can be periodic in time yielding repeating cycles of a higher
concentration and a lower concentration of the agents in the treatment solution) so that tissue
in the injection region exposed to the treatment solution has time to recover to closer to
normal pH as the blood circulates and carries and distributes the treatment solution

downstream in the patient.
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[0088] Alternatively, in yet another embodiment, the pH of the treatment solution can
be varied in time in a non-periodic manner, starting at a higher pH and slowly decreasing to a
lower pH. This can be accomplished, for instance, by changing the relative rates of a
solution of sodium bicarbonate and a solution of sodium carbonate that are mixed together by
a computer controlled system according to an embodiment of the current invention prior to
injection into the patient. For example, the ratio [HCO3']o /[CO5¥ ] can be selected as 10
initially (some sodium carbonate solution mixed with a sodium bicarbonate solution), and a
quadratic increase in the ratio can be made over a two hour period to a final ratio of 1000

(nearly all sodium bicarbonate solution).

[0089] Alternatively, in yet another embodiment, the pH of the treatment solution can
be varied in time in a non-periodic manner, starting at a lower pH and slowly increasing to a
higher pH. This can be accomplished, for instance, by changing the relative rates of a
solution of sodium bicarbonate and a solution of sodium carbonate that are mixed together by
the computer controlled system prior to injection into the patient. For example, the ratio
[HCOs)o /[COs* ]y can be selected as 1000 initially (i.e. nearly all sodium bicarbonate
solution), and an exponential decrease in the ratio can be made over a two hour period to a

final ratio of 10 (i.e. some sodium carbonate solution mixed with a sodium bicarbonate

solution).

[0090] A computer-controlled injection system according to an embodiment of the
current invention having multiple solution containers, dispensers, valves, and mixers (e.g.
multiple syringe pump dispensing/mixing systems such as manufactured by Hamilton or
other companies) can be used to create the time-varying distribution of the agents in the

treatment solution to the patient.

[0091] Another embodiment of the current invention that can better distribute the
caustic load more evenly in the patient is to use multiple injection sites rather than a single
injection site, so as to reduce or eliminate local tissue damage that may result from prolonged
exposure of this tissue to a more highly caustic solution over a sustained period of time
required to administer this solution. A different time-varying injection rate can be chosen for

each different injection site. The time-varying composition, concentration, and volume rates
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at different injection sites can be independently controlled and they can be coordinated
and/or synchronized. For instance, a computer-controlled mixer and dispenser that has
computer controlled valves can alternate open and closed positions of valves periodically to
cause the treatment solution to be injected into a first injection site for a certain period of
time, then the flow to the first injection site is halted, and by action of computer-controlled
valves, the treatment solution is then directed to and injected into a second injection site for a
certain second period of time; then the computer-controlled system stops flow to the second
injection site and redirects the flow of the treatment solution to the first injection site. The
choice of the first period of time and second period of time can be determined in part by the
diameters of the blood vessels and/or volume flow rates of blood in the blood vessels of the

circulatory system of the patient at the first injection site and at the second injection site.

[0092] While we recognize that the use of multiple injection sites could create
additional punctures to the circulatory system of the patient, which can be undesirable in
certain circumstances, in some extreme cases, the positive benefit of distributing the caustic
treatment solution more evenly throughout the patienf can outweigh the negative side-effects
caused by additional punctures to the patient's circulatory system. Embodiments of the
current invention described herein that mention the use of multiple injection sites are only
examples, and these embodiments could be applied as well to good effect in the use of only a

single injection site.

[0093] In another embodiment of the current invention, a single needle for an IV
having multiple side perforations and multiple fluid inputs (e.g. via two or more tubes) is
inserted into the circulatory system of a patient, wherein fluid emanating from a certain first
set of perforations are fed by a first tube and fluid emanating from a certain second set of
perforations are fed by a second tube, so that the perforations spatially distribute the caustic
solution out of different openings in the needle, over a greater spatial region than a needle
having a single opening, in a time-varying manner, as a computer-controlled dispensing
system changes the rates of fluid injection in said first tube and said second tube, thereby

reducing tissue damage in the patient in the region proximate to said needle.
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[0094] The manner in which the treatment solution is distributed to the multiple
injection sites can be altered on-the-fly through real-time feedback control, wherein a
measurement of a patient's pH is used as a factor in controlling the composition,
concentration, and time-varying rate of injection of a treatment solution. In addition to a
measurement of the patient's pH, other measureable aspects of a patient's condition (e.g. heart
rate, blood pressure, temperature, CO; level in the blood, sodium concentration in the blood,
and other factors) can be communicated to the computer-controlled dispensing system of a
time-varying treatment solution. This communication between the sensors of the patient's
current condition and history of condition and the control computer of the dispensing system
of the treatment solution can occur by either wired digital, wired analog, wireless digital,

and/or wireless analog communication, for example.

[0095] The above-described time-varying and space-varying method of
administration of a treatment solution can offer significant advantages over the current
simple method of constant IV injection, which causes tissue local to the injection site to
experience an abnormally high pH for a long period of time while the a basic buffer is being
administered (such a long period of higher pH is known to lead to considerable tissue
damage locally around the injection site). A computer-controlled delivery system can
optimize, in real-time, the rate of administration, pulsing, and relative amounts of mixtures of
different solutions or buffers, based on how much of a change in pH the patient needs (i.e.

patient's initial symptoms/pH and patient's current measured symptoms/pH).

[0096] For instance, in an embodiment of the present invention, a computer-
controlled mixing and dispensing system could even vary the ratio of sodium carbonate
solution to sodium bicarbonate solution administered to the patient via IV using a computer-
controlled dispensers and valves as the patient's blood pH is changing over time (e.g. as
monitored by a computer-linked sensor in a site on the patient different than the injection
site(s)). This can include a computer-controlled feedback system for treating acidosis that
could alter the ratio and concentrations of sodium carbonate to sodium bicarbonate over time,
as the patient's pH approaches the normal range during the course of treatment, as well as
providing pulsing, alternation, and/or redistribution of the solution to different IV injections

points into the patient.
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[0097] In an embodiment of the present invention, when a patient is just beginning
treatment, the proportion of sodium carbonate in the composition of the treatment solution
could be adjusted by the computer-controlled system to be somewhat higher temporarily, but
as the patient's pH rises towards a more normal level, the computer could automatically
reduce the proportion of sodium carbonate in the mixture being administered by IV as well as
the overall concentration of the solution, thereby reducing or eliminating problems caused by
caustic effects near the injection site(s). The temporally controlled rate of flow and/or
concentration of the treatment solution can be adapted in real time by feedback as the

patient's measured pH returns closer to normal during treatment.

[0098] In an embodiment of the current invention, a total volume rate of injection of
a treatment solution dispensed by a computer-controlled mixer/dispenser to an injection site

of a patient is between about 0.1 microliter per minute to about 10 milliliter per minute.

[0099] In an embodiment of the current invention, a total delivered volume of a
treatment solution dispensed by a computer-controlled mixer/dispenser to an injection site of

a patient is between about 1 milliliter to about 1 liter.

[00100] In an embodiment of the current invention, a total delivered base resulting
from delivery of a treatment solution dispensed by a computer-controlled mixer/dispenser to

an injection site of a patient is between about 10 mEq to about 1000 mkEq.

[00101] In an embodiment of the current invention, a volume rate of intake of an input
solution used by computer-controlled mixer/dispenser to form a treatment solution 1is

between about 0.1 microliter per minute to about 10 milliliter per minute.

[00102] In an embodiment of the current invention, a measurement of pCO2 or [CO.]
of a patient is used in a feedback loop by a computer-controlled mixer/dispenser to modify at
least one of a base composition, a base concentration, a volume rate of dispensing, and a total

delivered volume of a treatment solution to an injection site of a patient.

[00103] In an embodiment of the current invention, a computer-controlled

mixer/dispenser and associated tubing, needles, and input solutions and containers are sterile.
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[00104] In and embodiment of the current invention, at least one of an equation
describing equilibrium concentrations and pressures described below (or a result thereof) is
used by a computer program that directs a computer-controlled mixer/dispenser to select at
least one of a base composition, a base concentration, a volume rate of dispensing, and a total
delivered volume of a treatment solution that is mixed and dispensed to an injection site of a

patient.

[00105] In an embodiment of the current invention, measured conditions of a patient
connected to a computer-controlled mixing and dispensing system that are used by the
mixing and dispensing system's software to adjust and control at least one of a composition, a
concentration, a rate, and a location of injection of at least one of a base-treatment solution, a
mixture of two or more base-treatment solutions, and a mixture of a base-treatment solution
and a dispersion of pH-altering nanoparticles include: a heart rate, a blood pressure, a

respiration rate, an electrocardio signal, a heart ejection factor, a brain-wave signal, a body

temperature, an arterial blood pH, a venous blood pH, an arterial [HCOs-], a venous [HCOs7],
an arterial PCO2, a venous PCO2, an arterial [Na'], a venous [Na'], an arterial [Cl], a

venous [Cl], an arterial [K'], a venous [K"), an arterial PO2, and a venous PO2.

[00106] In an embodiment of the current invention, if a patient is connected to an
automated respiration system, then one or more signals system containing information about
the composition of inhaled gas, composition of exhaled gas, frequency of respiration, and an
effective volume per breath inhaled/exhaled are transmitted from said automated respiration
to said computer-controlled mixing and dispensing system. Alternatively, said information
about the settings of the automated respiration system are manually entered into said
computer-controlled mixing and dispensing system if said automated respiration system is
not equipped to transmit signals in a compatible manner. In an embodiment of the current
invention, if said automated respiration system is equipped to receive control signals, then
said computer-controlled mixing and dispensing system transmits one or more signals back
to the automated respiration system, thereby changing said respiration parameters used by the
automated respiration system to cause a change in respiration of the patient, in real-time in

response to monitored changes in at least one of pH, PCO2, [HCOs'], composition of base
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solution, and rate of administering base solution, that are measured, affected, and/or
controlled by the computer-controlled mixing and dispensing system. Respiration of a patient
can influence PCO?2, thereby affecting pH and [HCO3-], so a treatment of an acidemic
patient connected to an automated respiration system optimally involves both administration
of base-solution by the computer-controlled mixing and dispensing system in coordination
with appropriate alteration of the respiration parameters of the automated respiration system,

as controlled by the computer-controlled mixing and dispensing system.

[00107] Modes of transmission of signals to and from a computer-controlled mixing
and dispensing system can include at least one of: transmission by electrically conducting
wire, transmission by fiber optical line, transmission by light waves, transmission by
electromagnetic waves, and transmission by sound waves. For instance, in an embodiment of
the current invention, electromagnetic waves in the form of wifi signals are used to transmit
signals to and from a computer-controlled mixing and dispensing system and sensors of said
computer-controlled mixing and dispensing system, pumps of said computer-controlled
mixing and dispensing system, and a wireless electronic communication network (e.g. of a
hospital). In an embodiment of the current invention, use of wireless communication, such
as wifi signals or other electromagnetic and light signals, by the computer-controlled mixing
and dispensing system facilitate the placement of said sensors and pumps relative to the
patient without cumbersome wires or lines that are necessary for hard-wired electrical

connections and fiber-optical connectors.

[00108] In an embodiment of the current invention, said computer-controlled mixing
and dispensing system is used to treat a form of acidosis. Forms of acidosis that are treatable
by said computer-controlled mixing and dispensing system include but are not limited to:
metabolic acidosis, respiratory acidosis, lactic acidosis, ketoacidosis, dilutional acidosis,

starvation acidosis, and diabetic acidosis.

[00109] A computer-controlled mixing and dispensing system according to some
embodiments can be used to treat disorders in a patient other than acidosis, including but not

limited to: renal failure, diarrhea, intoxication, rhabdomyolysis, diabetes, and poisoning.
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Such treatments can involve administration of at least one of a solution, a mixture of two or

more solutions, and a mixture of a solution and a dispersion of particles.

[00110] A computer-controlled mixing and dispensing system according to some
embodiments can be used to treat a patient suffering from alkylosis using a near-isotonic
acid-treatment solution that is administered via said computer-controlled mixing and

dispensing system.

[00111] A computer-controlled mixing and dispensing system according to some
embodiments, said near-isotonic base-treatment solutions, and said dispersions of pH-
influencing particles can be used to treat animal patients suffering from disorders including

but not limited to acidosis in a veterinary medical context.

[00112] Herein, we refer to an "acidemic patient", and we also refer to an "acidotic
patient". Our meaning of "acidemic patient” is a patient who has a condition of acidosis.
Likewise, our meaning of "acidotic patient" is a patient who has a condition of acidosis.
Thus, our use of the words "acidotic", "acidemic”, and "acidemia" refer to a state of acidosis
that may be in blood as well as in tissue of a patient. Herein, we refer to the pressure of

carbon dioxide gas using notations including pCO2, pCO,, PCO2, and PCO>.

[00113] Figure 5 is a schematic illustration of a system 100 for treating an acidotic
patient 101 according to an embodiment of the current invention. The system 100 includes
an intravenous-fluid supply system 102, an automated fluid mixer and dispenser 104
connected to the intravenous-fluid supply system 102 to receive at least one supply fluid
therefrom, an electronic control system 106 configured to communicate with the automated
fluid mixer and dispenser 104, and an intravenous line 108 fluidly connected to the
automated fluid mixer and dispenser 104. The term “intravenous line” is intended to be
broad to include the term “tube”, catheter, or any other structure that is suitable for delivering
fluid to the acidotic patient’s circulatory system. The intravenous line 108 includes an
intravenous connecter 110 configured for injecting intravenous fluid dispensed from the
automated fluid mixer and dispenser 104 intravenously into the acidotic patient 101. The
electronic control system 106 is configured to control at least one of a total volume or a flow

rate of the intravenous fluid to be injected into the acidotic patient’s blood based on at least a
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measured pH of the acidotic patient’s blood and based on a composition of the at least one

supply fluid.

[00114] The embodiment of the intravenous-fluid supply system 102 illustrated in
Figure 1 is configured to be able to supply three solutions, or precursor solutions, 112, 114,
116. The intravenous-fluid supply system 102 is not limited to this example. In some
embodiments, a single solution supply may be sufficient, in some embodiments, two
solutions may be provided, or in other embodiments, more than three solutions and/or

dispersions could be provided, as desired for a particular application.

[00115] The automated fluid mixer and dispenser 104 is illustrated as a combined
assembly in Figure 1. However, the automated fluid mixer and dispenser 104 can be separate
mixer and dispenser components in some embodiments. The automated fluid mixer and
dispenser 104 can include syringe pumps, such as, but not limited to syringe pumps by

HAMILTON according to some embodiments of the current invention.

[00116] The electronic control system 106 can be, or can include, a computer
according to some embodiments of the current invention. These can include, but are not
limited to one of more work station, personal computer, tablet computer, smart phone, or
other handheld, laptop, which could be local and/or networked over a local area network
and/or the internet, for example. The electronic control system 106 can include data storage
and/or memory and can be programmed to perform the control functions. The electronic
control system 106 can be programmed through software and/or hardware such as, but not
limited to ASICs and/or FPGAs. The electronic control system 106 can also be a separate
component from the automated fluid mixer and dispenser 104, or could be integrated into a
common package with at least some components of the automated fluid mixer and dispenser

104.

[00117] In some embodiments, the electronic control system 106 can be further
configured to control at least one of the total volume or the flow rate of the intravenous fluid
to be injected into the acidotic patient’s blood based on at least one of a predicted pH effect,
a predicted pCO2 effect, and a predicted bicarbonate anion concentration effect of the

intravenous fluid to be injected.
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[00118] In some embodiments, the electronic control system 106 can be further
configured to control at least one of the total volume or the flow rate of the intravenous fluid
to be injected into the acidotic patient’s blood further based on a predicted effect of the

intravenous fluid to be injected on an isotonic condition of the acidotic patient’s blood.

[00119] In some embodiments, the at least one supply fluid from the intravenous-fluid
supply system includes at least a first supply fluid and a second supply fluid, e.g., from 112
and 114. The electronic control system 106 can be further configured to provide control
signals to the automated fluid mixer and dispenser 104 to mix the first and second supply
fluids in a proportion based on at least the measured pH of the acidotic patient’s blood. In
some embodiments, pCO, and/or other measured data can be used by the electronic control
system 106 to provide control signals to the automated fluid mixer and dispenser 104 to mix
the first and second supply fluids. Although this refers to an embodiment in which two
supply fluids are mixed, the general concepts of the current invention are not limited to this
example. In some embodiments, a single solution can be provided, while in others more than
three solutions can be mixed. In addition, one or more dispersions could be mixed with one
or more solutions, and/or used separately as a single dispersion to be administered according

to some embodiments of the current invention.

[00120] In some embodiments, the electronic control system 106 can be further
configured to provide control signals to the automated fluid mixer and dispenser 104 to mix
the first and second supply fluids in a proportion and a concentration based on a predicted
effect of the intravenous fluid to be injected on an isotonic condition of the acidotic patient’s
blood. The first supply fluid can have a higher pH in a base range than a pH of the second
solution according to some embodiments of the current invention. The second supply fluid
can be an aqueous solution that includes dissolved sodium bicarbonate, and the first solution
can be an aqueous solution that includes at least one of dissolved disodium carbonate,

sodium hydroxide, or tris(hydroxymethyl)aminomethane, for example.

[00121] Figure 6 is a schematic illustration of a system 200 for treating an acidotic
patient 101 according to an embodiment of the current invention. The system 200 can share

the same or similar components as the system 100 as indicated by the same reference
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numerals. The system 200 also includes a blood sensor system 202 configured to
communicate with the electronic control system 106. The blood sensor system 202 can be
or can include a digital blood pH monitor, for example. However, the blood sensor system
202 is not limited to only digital blood pH monitor. It can alternatively, or additional include
pCO, sensors, for example. It can also include alternative or additional blood monitors.
Furthermore, other sensor systems could also be included, such as, but not limited to blood
pressure, electrocardiogram, etc. In some applications, without limitation, a blood gas and

chemistry monitor by VIA MEDICAL is suitable.

[00122] In some embodiments, the blood sensor system 202 is configured to measure
at least one property of the patient’s blood in real time and provide sensor signals to the
electronic control system. The signals can be provided by a wire and/or wirelessly in some
embodiments. In this embodiment, the electronic control system 106 can provide control
signals to the automated fluid mixer and dispenser such that at least one of mixing or
dispensing by the automated fluid mixer and dispenser is based at least partially on real-time

information from the blood sensor system.

[00123] Figure 7 is a schematic illustration of a system 300 for treating an acidotic
patient 101 according to another embodiment of the current invention. The system 300 can
share the same or similar components as the systems 100 and 200 as indicated by the same
reference numerals. The system 300 also includes a second intravenous line 302 fluidly
connected to the automated fluid mixer and dispenser 104. The second intravenous line
includes a second intravenous connecter 304 configured for injecting second intravenous
fluid dispensed from the automated fluid mixer and dispenser 104 intravenously into a
second position in the acidotic patient. Although the embodiment of Figure 7 has two

intravenous lines; three, four or more could be included in other embodiments.

[00124] In some embodiments, intravenous-fluid supply system 102 may be loaded
with a plurality of precursor solutions that when mixed by the automated fluid mixer and
dispenser, provides an intravenous solution to be dispensed. In some embodiments,
intravenous solution can include sodium bicarbonate and at least one of disodium carbonate,

sodium hydroxide, and tris(hydroxymethyl)aminomethane dissolved in an aqueous solution
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such that the intravenous solution has a pH of at least 10 and a total concentration of
osmolites within a near isotonic range. The aqueous solution can include disodium carbonate
and sodium bicarbonate in a molar ratio of at least 2:1 in some embodiments. The
intravenous solution can be essentially only disodium carbonate and sodium bicarbonate

dissolved in the aqueous solution in a molar ratio of at least 2:1 in some embodiments.

[00125] Figure 8 is a schematic illustration of a system 400 for treating an acidotic
patient 101 according to another embodiment of the current invention. The system 40 can
share the same or similar components as the systems 100, 200 and 300 as indicated by the
same reference numerals. The system 400 also includes a second intravenous line 302
fluidly connected to the automated fluid mixer and dispenser 104, such as in Figure 7, as well
as a blood sensor system 202 configured to communicate with the electronic control system

106, similar to the embodiment of Figure 6.

[00126] In some embodiments, the computer-controlled mixing/dispensing system can
also record values of actual liquid compositions and volumes dispensed to the different sites
as a function of time, as well as recording measured signals from sensors that are connected
to the mixing/dispensing system (e.g. in the computer’s memory storage system). The
recorded time history of measurements and injected liquid parameters, as well as real-time
signals, can be used by the mixing/dispensing system to adjust and control the composition,
rate, etc. of fluids delivered to the patient. Such recorded history can be a factor to adjust

type, concentration, rate, etc. of fluids dispensed in some embodiments.

[00127] Another embodiment of the current invention is directed to an intravenous
solution for treating acidosis. The intravenous solution includes sodium bicarbonate and at
least one of disodium carbonate, sodium hydroxide, and tris(hydroxymethyl)aminomethane
dissolved in an aqueous solution. The intravenous solution has a pH of at least 10 and a total
concentration of osmolites within a near isotonic range. In some embodiments, the aqueous
solution includes disodium carbonate and sodium bicarbonate in a molar ratio of at least 2:1.
In some embodiments, the aqueous solution includes essentially only disodium carbonate and

sodium bicarbonate in a molar ratio of at least 2:1.
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[00128] Another embodiment of the current invention is directed to a method of
treating acidosis. The method includes providing an intravenous solution for treating
acidosis, and administering the intravenous solution intravenously to an acidotic patient. The
intravenous solution has a pH of at least 10 and a total concentration of osmolites within a

near isotonic range.

[00129] In some embodiments of the method of treating acidosis, the intravenous
solution includes sodium bicarbonate and at least one of disodium carbonate, sodium
hydroxide, and tris(hydroxymethyl)aminomethane dissolved in an aqueous solution. In some
embodiments of the method of treating acidosis, the aqueous solution includes disodium
carbonate and sodium bicarbonate in a molar ratio of at least 2:1. In some embodiments of
the method of treating acidosis, the aqueous solution includes essentially only disodium

carbonate and sodium bicarbonate in a molar ratio of at least 2:1.

[00130] In some embodiments, the method of treating acidosis further includes
selecting the intravenous solution to have a composition based on at ]east one of a measured
pH value, a measured pCO2 value, and a measured bicarbonate anion concentration of the

acidotic patient.

[00131] In some embodiments, the method of treating acidosis further includes
measuring a pH of the acidotic patient, and at least one of selecting or mixing the
intravenous solution to have a composition based on the measuring the pH value of the
acidotic patient. In some embodiments, the method can further include repeating the
measuring and at least one of selecting or mixing a plurality of times to provide a real-time

adjusted method of treating acidosis.

[00132] Another embodiment of the current invention is directed to an intravenous
dispersion for treating acidosis. The intravenous dispersion includes a liquid and a plurality
of particles dispersed in the liquid. Each particle of the plurality of particles has a maximum
outer dimension of less than about 2 micrometers such that the particles can pass unhindered
through capillary blood vessels of an acidotic patient being treated. Each of the plurality of
particles includes at least one of a shell and a matrix material that dissolves at a

predetermined rate within the acidotic patient's blood stream, and each of the plurality of
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particles includes a pH-influencing material that mixes in the acidotic patient's blood stream

at a controlled rate while the at least one of the shell and the matrix material dissolves.

[00133] A rate of dissolution of the pH-influencing material can be controlled by at
Jeast one of a composition of the at least one of the shell and the matrix material, a structure
of the at least one of the shell and the matrix material, a relative volume fraction of the pH-
influencing material and the at least one of the shell and said matrix material, and an average

size of the plurality of particles.

[00134) Figures 9A-9C show some embodiments of particles that can be used for
producing dispersions according to some embodiment of the current invention. Figure 9A
shows an embodiment of a particle (core) composition. It can be one or more of the

following:

« a material that neutralizes hydronium ions or protons in a water-based liquid, such

as blood

« 2 material that dissolves in and/or dissociates in a water-based liquid to form a basic

solution and raise pH

« a base-functional material (e.g. a strong base, a weak base, a salt of a conjugate acid
that functions as a base, an oxoacid containing an electropositive element that

functions as a base)
« a buffer material (e.g. to regulate pH to a desired value)
+ examples:  sodium carbonate Na,COs,

sodium bicarbonate NaHCO;

- sodium salts of carbonates are good candidates for core material

because they naturally occur and are readily regulated and eliminated by the body
sodium phosphate NazPOy

sodium hydroxide NaOH (a strong base)
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[00135] The particle (core) structure can be spherical or non-spherical (e.g. a
crystalline or polycrystalline grain), can be solid or porous, can be only partially composed of
a base-functional material. The particle (core) size can be microscale or smaller so that it can
be easily dissolved and will not get trapped in small capillaries. Nanoscale sizes can be

desirable. Monodisperse or polydisperse size distributions can be suitable for particular

applications.

[00136] Figure 9B shows an embodiment of a coated particle that can be used for
producing dispersions according to some embodiment of the current invention. The particle

shell composition can be one or more of the following:
« a protein, a sugar, a poly-peptide, an amphiphilic co-polymer
» an albumin, a poly-nucleic acid, a polymer
« a poly-(ethelene oxide), a poly-(ethylene glycol)
« an enzymatically degradable biocompatible polymer

« a material that creates a surface charge to stabilize particles against aggregation in

an aqueous solution

« a material that is pH sensitive and dissolves in water when the pH in the solution

around it falls below a certain predetermined value

« a material that is temperature sensitive and only dissolves in water when the

temperature approaches body temperature

« a material that inhibits the dissolution of the core material for a desired
predetermined time after injection into the body of an organism, particularly a human

being

[00137] The particle shell structure can be solid or porous, can be amorphous,
crystalline, liquid crystalline, and/or polycrystalline. It may be desirable for the particle shell

material to provide a repulsion between two coated particles and between a coated particle
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and a body structure (e.g. vein). The particle shell thickness can be microscale or nanoscale
so that it can be dissolved in blood readily and will not get trapped in small capillaries, for
example. Nanoscale sizes can be desirable; as well as monodisperse or polydisperse size

distributions.

[00138] Figure 9C shows an embodiment of a composite particle that can be used for
producing dispersions according to some embodiment of the current invention. Examples of

a composite nanoparticle composition include:

o The pH-influencing material is at least partially obstructed by the matrix material

from dissolving rapidly in an aqueous environment.

e The pH-influencing material is shown here as small black diamonds inside a spherical

grey matrix material.

e For example, the pH-influencing material can be sodium bicarbonate or a hydrate
thereof, and the matrix material can be a dextran. Both sodium bicarbonate and
dextran are soluble in water, but the rate of dissolution of the dextran can be
controlled through the molecular weight of the dextran, thereby controlling the rate of

dissolution of the sodium bicarbonate.

[00139] In an embodiment of the current invention, the particle concepts of Fig 9B and
9C can be combined, resulting in a particle having a shell around a composite particle that
exhibits a time delay prior to the dissolving of an internal pH-sensitive material, affected by a
property of the shell, and a time-rate of dissolution of a pH sensitive-material, affected by a

property of the matrix material.

[00140] According to an embodiment of the current invention, a treatment liquid
containing dispersed nanoparticles (whether coated or not) and/or nanodroplets (whether
encapsulated or not) is injected into the circulatory system of a patient suffering from
acidosis. The primary component of this treatment liquid is typically water. These dispersed
nanoparticles and/or nanodroplets contain pH-influencing materials, such as sodium

carbonate or sodium bicarbonate, that can be carried by the patient's blood flow away from
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the injection site before completely dissolving or releasing all of said pH-influencing
material, thereby alleviating caustic damage to the patient's tissue near the injection site. The
aforementioned nanoparticles and/or nanodroplets can also be dispersed in ionic and/or

molecular treatment solutions for acidosis, such as sodium bicarbonate and/or sodium

carbonate solutions.

[00141] In treating acidosis, it could be desirable to directly reduce hydronium ion
concentration by a nanoparticle containing a pH-influencing material that while the
nanoparticle is dissolving in the blood as it is being transported in the patient's circulatory
system, the released pH-influencing material can effectively neutralize some excess
hydronium ions in the blood. For instance, a solid nanoscopic particle of sodium carbonate
placed directly in the blood will dissolve and dissociate, yielding two sodium cations and one
carbonate anion. The carbonate anion will rapidly take up a proton from a hydronium ion in
the blood to form a bicarbonate anion, which is amphoteric and functions thereafter as a
natural buffer in the blood. Provided the nanoscopic particle dissolves gradually yet fully as
it is carried along in the blood, its prolonged dissolution as it travels through the patient's
circulatory system will enable it to distribute the caustic exposure much more evenly
throughout the patient than would a basic solution or a basic buffer that mixes more rapidly
with the blood causing greater exposure of tissue to basic environment or abnormal pH near

the injection site.

[00142] Nanoparticles of Na,COj3 (or e.g. hydrates thereof) that dissolve directly in the
blood can enhance a therapeutic effect by neutralizing hydronium ions present in the blood
and thereby raising blood pH and subsequently overall pH levels within cells throughout the
body as well as providing a source of bicarbonate ions that are beneficial in further regulating

body pH to a normal range.

[00143] In an embodiment of the current invention, examples of nanoparticles
containing a material that influences pH (e.g. containing a base or base-producing material

when dissolved in water) for the purpose of treating acidosis, are shown in Figures 9A-9C.

[00144] The sizes of the nanoparticles or nanodroplets can be fabricated and selected

to provide a range of time for dissolution in the flowing bloodstream. Some polydispersity in
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the size distribution is beneficial, yet particles cannot be so large as to obstruct or get lodged
in the circulatory system of the patient. It may be typically desirable to have nanoparticle or
nanodroplet sizes (i.e. effective maximal distance spanning the particle or droplet) about or
less than about 200 nm, since larger particles might create problems with circulation or could
create issues with locally high regions of caustic pH if they might get stuck and dissolve in

one fixed location.

[00145] Coatings of nanoparticles containing a pH-influencing material, such as a
base-producing material Na,COs, (or coatings that encapsulate nanodroplets which contain
basic solutions) can be engineered in many ways that could be beneﬁciél. An example is
shown in Figure 9B. Many advantageous types of coating materials could be used (e.g. a
naturally bio-compatible material such as at least one of a polymer, a protein, a nutrient, an
enzyme, a ribonucleic acid, a kinase, an albumin, a lipid, a lipo-protein, a glyco-protein, a
sugar, a dextran, an amino acid, a glycine, a poly-peptide, a co-polypeptide, and an inorganic
salt). The function of the coating can be to protect the injection site from highly caustic
solutions that could otherwise form through too rapid a rate of dissolution of the particle
material and thereby cause damage body tissue in the injection region. The coating also can
inhibit attractions between nanoparticles and/or nanodroplets that can cause destabilization of
the dispersion the nanoparticles or nanodroplets prior to administration in the patient and
inhibits attractive interactions that would promote sticking of the particles to venous and
arterial walls, as well as other bodily structures, which could result in strong local exposure
that might lead to highly localized tissue damage where the particles have become stuck. A
range of thicknesses of the coating material and a range of solubilities of the coating material
could be used so that particles dissolve at different locations in the body, thereby better

distributing the caustic load more evenly.

[00146] In an embodiment of the current invention, a coating material is designed to
dissolve at a specific pH (i.e. if the blood pH begins to drop below a certain value such as

7.2), thereby providing a feedback mechanism to further regulate pH.

[00147] In an embodiment of the current invention, a coating material is designed to

transform by at least one of melting, dissolving in water, and reacting when the temperature
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is raised from about 25 degrees C to about 37 degrees C. Such a mechanism would cause a
coating material that is stably protecting the core material against dissolution at room
temperature; the resulting temperature-dependent transformation effectively then deprotect
the core material when the nanoparticle enters the body of the patient and the nanoparticle's
temperature rises to body temperature, allowing the core material (which contains a pH-

influencing material) to then dissolve further downstream from the injection site in the

patient.

[00148] In an embodiment of the current invention, a coating material that can
dissolve, be metabolized, and/or be enzymatically broken down by human blood, is selected

to confer a property of stabilization of nanoparticles against aggregation.

[00149] In an embodiment of the current invention, high-throughput production of
nanoparticles of sodium carbonate is accomplished by creating a fine aerosol of microscale
droplets of an aqueous solution of sodium carbonate (e.g. at 0.1% by mass) and evaporating
the water from the aerosol by heating the aerosol using a hot-air convective blower.
Production of a fine aerosol of microscale to nanoscale droplets of solution can be
accomplished using a variety of devices, such as atomizers, nebulizers, ultrasonic agitators,
and thermal-spray nozzles. As an option, the nanoparticles in the airstream of the convective
blower can then be deposited into a solvent for subsequent coating by a coating material that
is sdluble in that solvent. Another aerosol of the nanoparticles in that solvent+coating
material can be formed, and the solvent can be evaporated, yielding coated core-shell
nanoparticles.  Alternatively, a surface coating can be grown on nanoparticles in the

airstream of the convective blower prior to deposition into an aqueous solution.

[00150] In another embodiment of the current invention, a composite nanoparticle
containing two or more materials in a configuration other than a core-shell configuration, can
also be efficacious in controlling the rate of dissolution and therefore spatial and temporal
distribution of a pH-influencing material. For instance, a nanoparticle containing a smaller
amount of solid sodium carbonate that is evenly distributed within a larger amount of sodium
bicarbonate can be formed by evaporating a nebulized aerosol of an aqueous solution of

sodium carbonate mixed with sodium bicarbonate. An example of a nanoparticle composition
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and structure, in which small domains of a pH-influencing material (e.g. base or base-
functional material) are in a matrix material to make up a composite nanoparticle, for treating

acidosis is shown in Figure 9C.

[00151] In an embodiment of the current invention, a matrix material that can dissolve,
be metabolized, and/or be enzymatically broken down by human blood, and said matrix

material in addition confers a property of stabilization of nanoparticles against aggregation.

[00152] In an embodiment of the current invention, a matrix material remains
undissolved in water at a pH equal to or greater than about 7.3 yet dissolves readily when the

pH drops below about 7.3.

[00153) In an embodiment of the current invention, a matrix material is designed to
transform by at least one of melting, dissolving in water, and reacting when the temperature
is raised from about 25 degrees C to about 37 degrees C. Such a mechanism would cause a
matrix material, which stably protects at least some pH-influencing material against
dissolution at room temperature; to transform, thereby effectively deprotecting the
interspersed pH-influencing material which can then dissolve in an aqueous environment
when said nanoparticle enters the body of the patient and said nanoparticle's temperature
rises to body temperature. Thus, this temperature-sensitive composition of the matrix of a
nanoparticle can gradually deprotect the pH-influencing material after the temperature in the
environment of the nanoparticle changes (e.g. upon administration to a patient), so that it

dissolves further downstream from the injection site in the patient.

[00154] Alternatively, in yet another embodiment, a nanoparticle containing a pH-
influencing material, such as solid sodium bicarbonate, dispersed in a matrix of a pH-neutral
material, such as a biocompatible polymer (e.g. a dextran), can be formed by taking an
aqueous solution of a dextran and sodium bicarbonate, forming an aerosol of microscale to
nanoscale droplets, and evaporating the water to form a plurality of discrete nanoparticles
that have a composite composition. In this composition, the rate of time release of the
carbonate is governed by the relative amounts of dextran to sodium bicarbonate; more
dextran slows down the dissolution of the sodium bicarbonate, thereby regulating the rate of

release of the pH-influencing material.
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[00155] In another embodiment of the current invention, a nanoparticle containing a
pH-influencing material, a non-pH-influencing biocompatible matrix material, and a non-pH-
influencing bio-compatible amphiphile material are added to water to form an aqueous
solution in order to produce a plurality of nanoparticles by evaporation of an aerosol of
droplets of said aqueous solution. During the evaporation of the water, the amphiphile
preferentially spatially segregates towards the surface of the nanoparticle. The solid
nanoparticles are then dispersed in a liquid (e.g. water), and the amphiphile functions to

stabilize the nanoparticles against aggregation.

[00156] In another embodiment of the current invention, a plurality of solid
nanoparticles containing a pH-influencing material are dispersed into an aqueous solution,
and that aqueous solution is administered into a patient's circulatory system immediately
after dispersion and before said plurality of nanoparticles can completely dissolve and release

all of a pH-influencing material contained within them.

[00157] In an embodiment of the current invention, the composition of a nanoparticle
for treating acidosis contains between about one percent to one hundred percent of at least
one of sodium carbonate, sodium bicarbonate, a hydrate of sodium carbonate, a hydrate of

sodium bicarbonate, and sodium hydroxide.

[00158] In an embodiment of the current invention, the composition of a nanoparticle
for treating acidosis contains between about one percent to about ninety percent of at least
one of sodium carbonate, sodium bicarbonate, a hydrate of sodium carbonate, a hydrate of
sodium bicarbonate, and sodium hydroxide and also contains about ninety-nine percent to
about ten percent of a pH-neutral biocompatible matrix material that dissolves in human

blood.

[00159] In an embodiment of the current invention, the composition of a nanoparticle
for treating acidosis contains between about ten percent to about ninety-five percent of at
least one of sodium carbonate, sodium bicarbonate, a hydrate of sodium carbonate, a hydrate
of sodium bicarbonate, and sodium hydroxide and also contains about ninety percent to about

five percent of a biocompatible coating material that dissolves in human blood.
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[00160] In an embodiment of the current invention, the composition of a nanoparticle
dispersion for treating acidosis is water and a plurality of nanoparticles containing a pH-
influencing material, wherein a volume fraction of nanoparticles containing a pH-influencing

material lies in the range from about 107 to about 0.3.

[00161] In an embodiment of the current invention, the composition of a nanoparticle
dispersion for treating acidosis is water and a plurality of nanoparticles containing a pH-
influencing material, wherein a volume fraction of nanoparticles containing a pH-influencing
material lies between about 0.01 and 0.0001 and a pH-influencing material within said
nanoparticles is at least one of sodium carbonate, sodium bicarbonate, a hydrate of sodium

carbonate, a hydrate of sodium bicarbonate, and sodium hydroxide.

[00162] In an embodiment of the current invention a composite nanoparticle
containing a pH-influencing material and a matrix material, is coated with a coating material

to form a hybrid coated-composite nanoparticle for treating acidosis.

[00163] The general concepts and improvements underlying these new materials and
methods, while focusing on acidosis in particular as an example, can be extended to treat
regulatory ailments affecting the chemistry of the entire body, other than acidosis, such as
alkylosis. These approaches can potentially be combined to further optimize treatments for a

variety of disorders and ailments.
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Measured pH of a Solution of Sodium Carbonate and Sodium Bicarbonate

[00165] The measured pH of a solution of sodium carbonate and sodium bicarbonate

at a fixed 0.50 M = [HCO3)p + [CO32']0 has been measured using a digital pH meter
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calibrated with appropriate standard solutions. The results of these measurements, performed

by titration, are shown below in Figure 10.

[00166] Overall, the function given by the measured pH([HCO3']0/[C032']o) has the
same shape as the predicted values in Figure 1. Also, within experimental uncertainty, the
measured value of pH for the sodium bicarbonate solution in the limit of large [HCOs3

]o/[CO32'Jo in Fig. 10 is in good agreement with the predicted value in Fig. 1.

[00167] However, at small [HCOg']o/[CO32']0, the value of the measured pH is about
11.5, which is smaller than the predicted pH of about 12.0. A likely reason why the
measured pH is somewhat lower than the predicted pH is that the sodium carbonate used in
the experiment has limited purity (i.e. is common utility grade rather than ultra-pure reagent

grade) and likely contains a small but non-negligible percentage of sodium bicarbonate.

[00168] According to an embodiment of the current invention, a measured relationship
between equilibrium pH and solution composition, such as the measured pH([HCO5]o/ [COs>
Jo) as displayed in Figure 10, is used to select a composition of a solution for treating an

acidemic patient suffering from acute metabolic acidosis.
Nanoparticles Containing a Base Material for Treating Acidosis

[00169] Pure sodium bicarbonate solutions at high concentrations, typical of what is
currently administered in treating acute metabolic acidosis, also have very high
concentrations of CO,. For instance, a pure NaHCO; solution at 0.5 M has a pCO2
approaching about 100 mm Hg = 100 torr and a pH of about 8.3. This high pCO2 is
undesirable, because the typical pCO2 in blood of a normal individual is only about 40 torr.
The extra pCO2 means that more dissolved CO; in the blood will be converted to carbonic
acid, which will give up a proton and convert to the bicarbonate anion, thereby tending to
lower the pH and negating at least part of the excess hydroxide present in the basic sodium
bicarbonate solution that raises pH. So, at least one of the reasons why sodium bicarbonate
solutions are not very effective or desirable in treating acidosis is because these solutions
introduce significant quantities of dissolved CO,, and this large amount of dissolved CO, will

actually counteract some of the pH-raising tendency of the bicarbonate anion.

45



WO 2014/028945 PCT/US2013/055629

[00170] It would be much more beneficial, instead, to raise pH in the patient's blood,
and ultimately in the patient's cells, by introducing nanoparticles containing strong base, such
as Na,COs, into the flowing blood and having these nanoparticles release Na* and CO5> ions
into the blood gradually in a controlled manner. Each one of the released CO5> ions would
effectively eliminate one hydronium ion in the blood, thereby directly lowering the proton
concentration and raising pH. In addition, the product of this proton-accepting reaction is the
bicarbonate ion HCOs,, which is the main component of the currently administered
bicarbonate solution and is known also to slightly raise pH, be safe in humans, and offers
excellent permeability into cells. The rate of dissolution and dissociation of a strong base,
such as Na,COs, in blood can be controlled by creating nanoparticles containing the strong
base. These nanoparticles satisfy several requirements: they are small enough to freely travel
in a significant portion of the patient’s circulatory system and they are designed to release
base material to raise pH in a controlled manner that avoids continuous exposure of a
localized area of a patient's tissue to a very high pH over a sustained period of time that
would lead to undesirable tissue damage in that localized area. For instance, by injecting
nanoparticles containing Na,COs that are circulated in blood throughout the acidemic patient,
rather than a concentrated solution of Na,COs, it is possible to avoid tissue damage near the
site of injection that would otherwise result from intravenous injection of a strongly basic
solution. Moreover, nanoparticles that continuously release small enough concentrations of
the base material Na,CO; in a controlled manner while flowing in the circulatory system can
reduce or prevent tissue damage as well as damage to red blood cells, proteins, or other
important components in the blood. As the nanoparticles release base material while
circulating in the blood of the patient, before they are completely gone, they can more evenly
distribute the proton accepting material throughout the body, thereby reducing tissue damage
due to prolonged high caustic exposure of basic solutions near the injection site. Whereas a
pure solution of sodium carbonate is likely to cause tissue damage if injected in the standard
manner, if a way can be found to introduce CO32' ions in the patient in a distributed manner
in time and space, then the tissue damage due to a more caustic agent such as Na,CO; could
be reduced or eliminated. Moreover, the composition of the non-base material is biologically

compatible and can be readily used and/or eliminated by the patient.
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[00171] In an embodiment of the current invention, a nanoparticle that contains one or
more smaller nanogranules of a strong base material, such as sodium carbonate, in a non-base
material, such as at least one of a matrix material and a coating material. In some cases, it is
desirable for the non-base material to be chosen so as to maintain the integrity of the
nanoparticles and inhibit release of the strong base when the aqueous dispersion of
nanoparticles is stored prior to administration, and only after intravenous administration, the
non-base material is then chosen so that it is readily dissolved or degraded after entering the
patient. As examples, the non-base material of the nanoparticles can be enzymatically
degraded by naturally occurring enzymes in the blood, the non-base material can be
dissolved in certain acedmic pH range in the patient, and/or the non-base material can be
dissolved when heated above a certain temperature, such as body temperature. In some cases,
a base material by itself in the form of a nanoparticle dispersion of pure base material would
dissolve so readily in an aqueous environment that it would become a solution very rapidly,
and could not be stored as a dispersion. The use of a non-base material in the composition of
the nanoparticle therefore permits long-term stability of the nanoparticle dispersion outside
of the patient, and the type, quantity, and structure of the non-base material in a nanoparticle
are chosen through a fabrication process to confer a desired rate of release of the base

material in a flowing environment of a biofluid, such as blood, in a living patient.
Example Calculation of a Dispersion of Nanoparticles Containing a Strong Base

[00172] Consider an aqueous dispersion of monodisperse nanoparticles; each
nanoparticle has a radius a and contains a base-material (e.g. sodium carbonate) and a non-
base material (e.g. a dextran). The base material has a mass density oy and a molecular
weight of Mws,. The base material inside the nanopaﬂiéle is protected against rapid
dissolution in water by the non-base material, which is typically structured in a manner to be
at least one of a matrix material and a coating material. The structure and type of non-base
material controls the rate of dissolution of the base material when the nanoparticle is
administered in an aqueous dispersion to a patient suffering from acidosis. In the case of
intravenous administration, controlling the rate of dissolution of the base material and thus
the release of acid-neutralizing material facilitates a more even distribution of the base

material throughout the patient's bloodstream, thereby reducing undesirable complications
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and side-effects due to spatially localized regions of higher-than-normal pH over a sustained
period of time. Such high local pH over a sustained period of time, which can cause
significant tissue damage, typically occur near the administration site when caustic solutions

are administered intravenously to patients suffering from acute metabolic acidosis.

[00173] For simplicity, we consider a nanoparticle to be a sphere (although the current
invention is not limited only to spherical shapes), so the volume of a nanoparticle is given by
Ve = 47a°/3. Within a nanoparticle, the volume of base material is Vp and the volume of
non-base material is Vppp, 50 the volume fraction of base material in the particle is given by v
= Vio/(Vop + Vap) = Vp/V . Thus, the volume of base in a single nanoparticle is Vpp = yV), =
4m//a3/3. The mass of base in a single nanoparticle is thus my, = pVep. The number of
moles of base material in a single nanoparticle is thus 1y, = my/Mwy = (4773) y/a3 (on/ Mywp),
and the number of molecules of base material in a single nanoparticle is simply Nyp = 12p/No,

where Ny is Avogadro's number.

[00174] As an example, a nanoparticle suitable for treating acidosis contains the base
material sodium carbonate Na,CO; as solid nanogranules, smaller in size than the
nanoparticle itself; these nanogranules are contained within in a non-base matrix material that
controls the rate of dissolution of the nanogranules and release of base material into a
surrounding aqueous medium, such as blood. For Na,COs3, pp = 2.54 g/cm3 and My =
105.98 g/mol, a nanoparticle having ¢ = 50 nm and y = 0.3 has about 3.8 x 1078 mol of
Na,COs, equivalent to about 2.3 x 10® molecules of NayCOs per nanoparticle, yielding the
same number of CO;> anions per nanoparticle when the Na,CO; within the nanoparticle has

completely dissolved and dissociated in the aqueous medium.

[00175] Suppose a patient has acute metabolic acidosis, and the patient's blood pH is
7.1, rather than the desired normal pH of 7.4. Recognizing that the total volume of body
fluid is significantly more than the volume of blood in a patient, so that basing a calculation
on only blood volume may yield an underestimate, we provide an estimate of the required
number of nanoparticles, Nparticles;req » that would be necessary to change the patient's blood
pH (and not the rest of the body fluids) from 7.1 to 7.4 as follows. In calculating a first

estimate, we initially consider only the excess hydronium ions in the blood, without regard to
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the patient's blood and/or body tissues, which can effectively act as a source of additional
protons through chemical reactions. Thus, this first estimate represents an estimate of a
minimum number of particles, not necessarily the total number of particles that would be
needed to completely treat an acidemic patient. Also, in making this estimate, we account
only for the primary proton-accepting reaction of COs* after it is released from the
nanoparticles, and not the additional beneficial action of the HCO3" anion that is the resulting

product, which also acts to raise the pH of an acidemic patient.

[00176] The average volume of a patient's blood is assumed to be Viiood = 5.0 L. The
concentration of hydronium ions (or equivalently protons) in the patient's blood at pH = 7.1
is about 7.9 x 10"* M, whereas the desired concentration at pH = 7.4 is about 4.0 x 10 M.
So, the desired reduction in concentration of hydronium ions is A[H3O+] =39x10? M,
corresponding to a desired reduction of ANuzo+ = A[H30+] Volood No = 1.2 X 10" hydronium
jons in the blood. Because each CO;” ion released by the nanoparticle will effectively accept
a proton from a hydronium ion in the blood to form a bicarbonate anion HCO3", (or take a
proton from a water molecule, leading to a hydroxide ion that will in turn neutralize a
hydronium ion), we estimate that the total number of nanoparticles required to obtain the
desired pH change in the blood will be: Nparticiesreq = 12x107/23x10°=52x 10'°
nanoparticles. This corresponds to a total volume of nanoparticles required to treat the blood
of Viparticiesreq = Nparticles,eq Vp = 2.7 X 10° cm®. This volume is quite small and simply
provides a rough estimate of an approximate lower limit of what might be required to begin
to raise an acidemic patient's blood pH towards a normal level, since the patient's blood and
body tissues can act as a buffer, thereby requiring higher total dosage levels that the rough

lower limit that is estimated here.

[00177] In designing an aqueous dispersion of nanoparticles to treat acidosis, in many
cases, it would be desirable, but not necessary, for the dispersion of nanoparticles to be dilute
(7.e. having a low volume fraction ¢ of nanoparticles), so the viscosity of the dispersion is not
far above that of at least one of water and blood. A lower volume fraction of particles can
facilitate rapid mixing of the administered dispersion with blood. As an example, a volume

fraction of nanoparticles in water of about ¢= 0.05 is dilute enough to have a desirable
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viscosity that is not much greater than that of water itself, where ¢ = Vparticies;req / (Vpartictes,req
V), where V., is the volume of water in the dispersion. Thus, using numbers corresponding
to the extreme lower limit, estimated above, the volume of the dispersion Vaisp = Vparticlesreq +
Vi = Voarticles,reg/ @ = 5.4 X 10" ecm®, much less than the volume of blood in the patient. Even
reducing the volume fraction of the nanoparticle dispersion down to ¢= 10™* , which could be
advantageous in certain circumstances, since the viscosity of the dispersion is very close to
that of water, would yield a total volume of the aqueous dispersion of only Vs, = 0.27 cm’ ,
still a Veryksmall volume to administer to a patient. This simplistic estimate does not account
for the buffering capacity of the patient's blood or body tissues; a wide variety of chemical
reactions in the acidemic patient will be generating more hydronium ions as the nanoparticles

are releasing the base material over time.

[00178] Even dispersions having smaller volume fractions of nanoparticles containing
strong base materials in solid form, such as sodium carbonate or sodium hydroxide, could be
administered to an acutely acidemic patient to effectively raise the patient's pH the desired
amount. Also, considering other body fluids, the volume of 5 L used in these calculations
may be somewhat small compared to an approximate adult total body fluid volume of 40 L
(i.e. 25 L is typically intracellular and 15 L is typically extracellular). If a total body fluid
volume of an adult is used in the above calculations, then an estimate of a lower limit of the
total volume of an aqueous dispersion of nanoparticles containing sodium carbonate at ¢ =

10" would still be only about 2.2 cm’.

[00179] Since the above estimates neglect the buffering capacity of the blood and body
tissues, we provide an estimate that is typically required to fully treat acidosis in an acidemic
patient. It is typically necessary to consider the total number of moles of a base material that
is needed in order to alter a patient's pH from an acidemic state to a normal state. For sodium
bicarbonate solutions, administration of 500 mEq or more of the bicarbonate anion can be
required to raise the pH of a patient suffering from acute metabolic acidosis to a normal
level. As previously mentioned, solutions of sodium bicarbonate are not highly effective as a
treatment, in part because of the high levels of dissolved CO, that can convert to carbonic

acid. So, an effective treatment of an acidemic patient using nanoparticles containing a
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stronger base such as NayCOs typically requires only smaller total administered dose as

compared to a weaker base such as NaHCO;.

[00180] As an example of an embodiment of the current invention, we calculate the
total required number of nanoparticles, the total required volume of dispersion of
nanoparticles, and the volume fraction of nanoparticles in the dispersion that is required to
treat a patient suffering from acute metabolic acidosis assuming that the total dose of strong
base required to treat the patient is 100 millimoles. We consider nanoparticles containing
NayCOs , and the required number of moles of base is My eq = 0.100 mol. The number of
moles of base per particle, assuming w = 0.51 (e.g. for spherical core-shell nanoparticles
having an outer radius a = 50 nm and an inner radius of @; = 40 nm within which the Na,COs3
is contained, where the shell of the nanoparticle is a non-base material), is simply npp =
(47[/3)a3 W po/Myp = 6.42 X 107"® mol. Thus, the number of nanoparticles required for the
total dose i Nparticles req = Mb,req/Mop = 1.56 X 10'S. This corresponds to a total required particle
volume of Viartictesreq = Nparticlesreq Vp = 8.15 em’. To keep the volume fraction ¢ of
nanoparticles in an aqueous dispersion at a dilute level, we choose a volume of water to be
191.85 mL, yielding a total volume of the dispersion of 200.0 mL. Thus, the volume fraction
of nanoparticles is ¢ = 8.15 mL / 200 mL = 0.041, which is less than 5% and is dilute. Thus,
a reasonable volume of 200 mL of a dilute dispersion of 50 nm radius spherical nanoparticles
containing Na,COs at y = 0.51 and ¢ = 4.1% can be used to administer a total dose of 100

mmol of a strong base to an acidemic patient.

[00181] An advantage of using a nanoparticle containing a strong base is that as the
nanoparticle base material dissolves and dissociates in the patient's flowing bloodstream, it
gradually releases ions (e.g. an anion such as CO;% or OH) as it flows along, and these ions
act as bases to reduce the hydronium ion concentration directly (e.g. by forming HCOs™ or
H,0, respectively) while avoiding the destruction of tissue near the site of injection into the
patient as would be caused by a very caustic solution. Thus, whereas a total of 500 mEq of
sodium bicarbonate solution may need to be administered to a patient suffering from acute
metabolic acidosis in order to obtain the desired pH increase to treat extreme acidemic

symptoms, yielding a large injected volume of a concentrated bicarbonate solution, by

51



WO 2014/028945 PCT/US2013/055629

contrast, a smaller volume of a dispersion of nanoparticles containing a strong base, such as
sodium carbonate, is typically necessary to achieve the same desired pH change by the same

type of administration via intravenous injection.

[00182] In an embodiment of the current invention, the total time required for a
nanoparticle containing a base-material to fully dissolve in human blood circulating in a live
human patient at a temperature of about 37 C is less than about twenty-four hours. In an
embodiment of the current invention, the total time required for a nanoparticle containing a
base-material to fully dissolve in human blood circulating in a live human patient at a

temperature of about 37 C is less than about two hours.

[00183] Alternatively, in an embodiment of the current invention, the rate of
administration of the dispersion of nanoparticles is controlled and is the dominant factor in
determining the rate of pH-raising action of base-material into the blood. In an embodiment
of the current invention, the total time required for a nanoparticle containing a base-material
to fully dissolve in human blood circulating in a live human patient at a temperature of about
37 C is less than about two minutes, and the volume rate of injection of the dispersion of
nanoparticles is controiled to achieve the desired pH change in a desired period of time of

administration.

[00184] In an embodiment of the current invention, a dispersion of nanoparticles
containing a base material is an input to a computer-controlled mixer/dispenser system
designed for administering a time-varying and/or spatially varying mixture of an acidosis

treatment fluid.

[00185] Although we have mentioned water as being the continuous phase for the
composition of a dispersion of nanoparticles containing a base material for use in the
treatment of acidosis, a solution, such as a saline solution, could also be used as the
continuous phase of the dispersion, provided that the ions present in the saline solution do not

cause aggregation of the nanoparticles in the dispersion.

[00186] In an embodiment of the current invention, a nanoparticle for treating acidosis

has a base material and a non-base material that are in a bicontinuous structure.
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[00187] In an embodiment of the current invention, a nanoparticle for treating acidosis
has a solid base material and a non-base material that is at least one of a solid, a liquid, and a
liquid crystal, wherein said non-base material controls a rate of dissolution of said base

material into an aqueous environment.

[00188] In an embodiment of the current invention, a nanoparticle suitable for treating
acidosis is formed by: making a mixture of at least one of a solution and a dispersion of a
non-base material with at least one of a solution and a dispersion of a base material in a
liquid solvent, creating an aerosol of said mixture such that the diameters of the largest

droplets in the aerosol are less than about ten microns, and evaporating said solvent.

Results of Calculations of pH and pCO, of an Aqueous Solution of Sodium Bicarbonate

and Sodium Hydroxide

[00189] Below, we present the results of calculations of the equilibrium pH and pCO;
of an aqueous solution of sodium bicarbonate and sodium hydroxide in Figures 11 and 12,
respectively, when the initial concentration of sodium bicarbonate (and therefore the
bicarbonate anion) is fixed at [HCO37]y = 0.25 M. The equations used to make these

calculations are presented under the title of "Alternative Formulation”.

[00190] Thus, according to Figure 11, a higher pH of the solution can be obtained with
a modest addition of sodium hydroxide initially. According to an embodiment of the current
invention, a solution of sodium bicarbonate and sodium hydroxide at particular [HCO5)p and
[OH, is selected to treat an acidemic patient using a functional dependence of pH predicted

by equilibrium equations such as those used to generate Figure 11.

[00191] Thus, according to Figure 12, a desirable reduction in pCO2 can be obtained
by combining a sodium hydroxide and a sodium bicarbonate solution, especially as the
amount of [OH7, is increased. According to an embodiment of the current invention, a
solution of sodium bicarbonate and sodium hydroxide at particular [HCOs7, and [OHT, is
selected to treat an acidemic patient using a functional dependence of pCO, predicted by

equilibrium equations such as those used to generate Figure 12.
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[00192] Solutions of sodium bicarbonate and sodium hydroxide offer potentially
valuable characteristics. The pH is adjustable to a higher value than that of a pure sodium
bicarbonate solution through selection of at least one of [HCOs, and [OHT,. Likewise, the
pCO; can be adjusted to be lower than that of pure sodium bicarbonate solutions. In addition,
for the same pH, there is a lower sodium load (i.e. concentration) introduced into the patient,
as compared to solutions of sodium carbonate and sodium bicarbonate, since NaOH releases
only one Na' ion for every OH" ion when it dissociates, whereas NayCOj3 releases two Na"

ions for every CO3* anion.

[00193] In an embodiment of the current invention, the volume rates of input solutions
and concentrations of input solutions of at least a solution of sodium bicarbonate and sodium
hydroxide to a multi-input fluid mixer/dispenser are controlled by a computer in a time-
varying manner so as to select and adjust at least one of pH, pCO,, and [Na'] of a resulting

output fluid delivered to an acidemic patient.

Alternative Formulation:

Solution of Sodium Bicarbonate and Sodium Hydroxide for Treating Acute Metabolic

Acidosis

[00194] A certain amount of sodium bicarbonate is added to neutral water, yielding an
initial concentration of the bicarbonate anion [HCOs]o = yo. Also, a certain amount of
sodium hydroxide is added to the same solution, yielding an initial concentration of the
hydroxide anion [OH]o = bo , where we assume that bo=[OH 7o >> 107 M (the concentration
of hydroxide anions in neutral water is 107 M). The initial concentrations of the carbonate

anion and carbonic acid are also zero:
[H,COs] =x0=0
[COs*]=20=0

[00195] The initial chemical equations, immediately representing/following

dissolution and dissociation are:
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aq
NaHCOs(s) ->  Na'(ag) + HCO3'(aq)
and
aq
NaOH(s) ->  Na'(aq) + OH(aq) .
[00196] Thus, the initial concentration of the sodium cation is:
[Na'lp = [HCO3o + [OH o= yo+bo.
[00197] Since sodium is ineffective in acid-base chemistry, the equilibrium

concentration of the sodium cation is simply the initial concentration:

[Na*] =[NaJo=y0+bo.

[00198] Now that the initial conditions have been well defined, we can consider the set

of equations governing chemical equilibrium. These are:

[H;0"1=h (concentration of hydronium ions)
[OH=Ky/h where K,=10"* (water auto-ionization)
(Na']=yo+bo

[00199] Conservation of carbonate species requires:

[HCOs7o = [HoCO3] + [HCO3] + [COs™]
or w=xty+z. (Recall: x = [HyCO3] & z = [COZD.
[00200] Charge neutrality requires:

[Na'] + [H30"] = [HCO;37] +2[CO5”] + [OHT],
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or (Kw/hy-h=bo+yo-y-2z .

[00201] From the carbonate equilibria, equations from the law of mass action are:
Ka;=hy/x where Ka;=4.3x 107
Kay=hz/y where Ka,=4.8x 107",

[00202] Substituting these two equations into the equation for the conservation of

carbonate species yields:
y=yo/[1+(h/Kay)+(Kap/h)].

[00203] Substituting the two equations above involving the law of mass action into the

charge neutrality equation yields:
y=Dotbo+h-Kw/h)]/(1+2Kay/h).

[00204] Since the two expressions for y in terms of /4 must be equal, we obtain a

quartic equation in the hydronium ion concentration:
vo+bo+h-(Kw/ MWL+ (h/Kay)+ (Kay/ h)] =yo(l +2Kay / ) .
So, 0= [+ h(yo + bo) - Ku][(F* / Kay) + h + Kay] - yo(h* + 2Kay h) .

This quartic equation is solved using Mathematica, similarly as has been done before, for

various yo & by .
pH of an Aqueous solution of Sodium Bicarbonate and Sodium Carbonate

[00205] When sodium bicarbonate NaHCO; (or a hydrate thereof) is added to neutral

water, it dissolves and dissociates:
aq

NaHCOs(s) -> Na'(ag)+HCOs(aq) .
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[00206] This reaction goes to completion, so the initial quantity of NaHCO; added to

neutral water is [HCOj3]o (i.e. the initial concentration of the bicarbonate anion HCO3).

[00207] When disodium carbonate Na,COj; (or a hydrate thereof) is added to neutral

water (pH=7.00), it dissolves and dissociates:
aq
Na,COs(s) -> 2Na'(aq) +COs*(aq) .

[00208] This reaction also goes to completion, so the initial concentration of carbonate

anion CO5> , given by [CO32']0 , s determined by a 1:1 molar ratio based on the disodium

carbonate added.

[00209] Conservation of matter then requires that the initial concentration of sodium
[Na']o is:
[Na'], = [HCO57p +2[CO5* o -

[00210] Since Na” is ineffective in acid-base chemistry, the equilibrium concentration

of Na' is:
[Nal = [Na'Jo .

[00211] Given the initial concentrations of [HCO; ]y and [CO32']0 , which are dictated
by the quantities of sodium bicarbonate and disodium carbonate, respectively, added to the
neutral water, it is possible to solve for the equilibrium pH using a set of simultaneous

equations for six variables:
[H3;0"]=h
[OH] =K, /[H30%] = K,/ h , where K, = 107 (from water auto-ionization)
[Na'] =[Na'lo=[HCO57o +2[CO5*]o

[HoCOs] =x
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[HCOs] =y
[CO% =z .
[00212] For simplicity, we define the following initial concentrations as:
[HCO3To =0
[CO5™Jo=2z0
[HyCOs]lo=0=1x0 (since no carbonic acid was added initially) .

[00213] We can write equations of conservation of matter of the carbonate species,

charge neutrality, and the deprotonating reactions of carbonic acid and the bicarbonate anion.

[00214] Conservation of carbonate species yields (at equilibrium):
[HCO3o +[COs™]=[HCO37T + [HoCOs] + [CO5°T

simplifying to: x=00-Y)+(zo-2) . (Eq.1)

[00215] Charge neutrality yields (at equilibrium):
[Na'] + [H;0"] = [HCO5] +2[CO5”] + [OH]],

simplifying to: (Kw/h)-h=0@o-y)+2(z0-2) . (Eq.2)

[00216] Deprotonation of carbonic acid proceeds according to:
H,COs(aq) + H,O()) <> H30"(aq) + HCOs(aq)

with Ka; = 4.3 x 107 = [H;0"] [HCO;7] / [H,COs]

according to the law of mass action.

This simplifies to Ka; =hy/x . (Eq.3)

[00217] Deprotonation of the bicarbonate anion proceeds according to:
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HCO5'(aq) + Ho0 (1) <> H30"(ag) + COs™(aq)
with Ka, = 4.8 x 10" = [H30+] [CO5>] / [HCO57].

This simplifies to Ka, = hz/y . (Eq.4)

[00218] Thus, there are four equations Eq. 1, Eq. 2, Eq. 3, & Eq. 4, and four unknowns
A, x,y,and z.
[00219] We can rewrite Eq. 3 and Eq. 4 as:

x=hy/Kay & z=Kayy/h

[00220] Substituting these relationships into Eq. 1 yields
hy/Ka; =yo-y)+(20-Kary/h),

which can be solved to obtain y in terms of 4:

y=0ot+z0)/ [1+ (h/Ka))+ (Kay/ h) ] .

[00221] Substituting relationships for x and z into Eq. 2 yields
Ko/ H)-h=(@0-y)+2z0 - Kazy/ h) ,

which can also be solved to obtain y in terms of A:
y=[yo+2z0+h-(Ku/h)]/(1+2Kay/h) .

[00222] The right hand sides of the two equations for y must be equal, so
(1+2Kay / h) (yo + 20) = [1 + (h/ Kay) + (Kay / )] [yo + 220 + I - (K / B)].

{00223] This yields a 4™ order (quartic) polynomial in %, which is simplified to:
K Kay + [1 + (o + 2z0)/Kay] I + [Kas - (K / Kay) + z0] 1

- (Kw + Kap yo) h- (Ka2 Kw) =0.
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[00224] Quartic equations can be solved, and the physical solution for 1 =[H;0" will

be positive and real. Other imaginary or negative solutions can be discarded.

[00225) Once /4 is known, y, x, and z can also be calculated, yielding other equilibrium

concentrations. These equations are provided above.

[00226] The value of x calculated in the previous equations actually accounts for the

sum of the dissolved carbonic acid plus dissolved carbon dioxide.
x = [HyCO3] catc (combined)

[00227] To separate out actual CO4(ag) and H,COs(ag), it is necessary to consider the

so-called “hydration” equilibrium reaction of CO; in water:
COx(aq) + H0(l) <> HyCOs(aq) .
[00228] The law of mass action then implies:
Kiya = [HaCOslact / [CO2Jacr » where Kiya = 1.7 x 10° at room temp.
[00229] Knowing x = [HyCO3]catc = [H2CO3]act + [COx2Jact |
then [CO3]aet = [H2COs3]carc / (1 + Kinya)
and [HyCOs]aet = [H2CO3]carc - [COJact -
[00230] The actual concentrations of CO, and H,COs can then be reported.

[00231] Once [CO,]a has been determined then it is straight forward to use Henry’s
Law to calculate the pressure of CO,, pCO2 :

pCO2 = Ku[COxJact

[00232] Where Ky = 2.23 x 10* mm / M is the Henry’s Law value for CO; in H,O at
room temperature. Pressures are then expressed in mm Hg when [CO,]act is specified in

molar units.
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EXAMPLES

[00233] The following examples help explain some concepts of the current invention.

However, the general concepts of the current invention are not limited to the particular

examples.

[00234] Acute metabolic acidosis is defined as a reduction in pH and serum
bicarbonate ion concentration in blood below their respective normal ranges, typically lasting
from about a minute to a few days. Acute metabolic acidosis is associated with cellular
dysfunction and an increase in mortality. This cellular dysfunction is related to a decrease in

the pH of the interstitial and cellular compartments.

[00235] In current clinical practice, acute metabolic acidosis is commonly treated by
administering a highly concentrated aqueous solution of a weak base, such as sodium
bicarbonate (NaHCOj3), which is injected into the circulatory system of a patient having an
acidemic state. In the common treatment, the molarity of the solution of a weaker base is
high (i.e. hypertonic), typically around or above one molar, because such administered
solutions of weaker bases typically have a pH that is less than about 8.5 and are relatively
ineffective at raising pH when administered at lower concentrations that are not hypertonic.
In a typical solution of 1.0 M sodium bicarbonate, after dissociation, there are 2.0 M of
osmolite species (i.e. 1.0 M of the sodium ion Na+ and 1.0 M of the bicarbonate ion HCOy3).
This 2.0 M osmolite concentration lies far beyond the isotonic concentration of osmolite
species in human blood, around 300 mM. In clinical studies, a hypertonic solution of sodium
bicarbonate has been shown to be non-optimal in treating acute metabolic acidosis, and such

solutions have been demonstrated to depress cardiovascular function.

]00236]) Clinicians and medical researchers have documented the ineffectiveness, and
even adverse consequences, of administering the standard high-concentration sodium
bicarbonate solutions to patients having acidemic states. In particular, the standard, high
concentration, commonly available solutions of sodium bicarbonate have been shown to

increase the pressure of carbon dioxide, PCO2, in blood. Raising PCO2 is typically
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undesirable, since hydrolysis of the additional carbon dioxide in the blood can subsequently
lead to acid formation, thereby limiting the effectiveness of solutions of sodium bicarbonate
in raising the pH of a patient's blood into the normal range that would alleviate the patient's

state of acidemia.

[00237] Past research on high concentration solutions of equimolar mixtures of sodium
bicarbonate and disodium carbonate (Na,COs), called "carbicarb" (333 mM NaHCO;, 333
mM Na,CO;3), have revealed that blood pH could be raised while simultancously lowering
blood PCO2. However, the total osmolite concentration of the carbicarb solution mixture is
1.667 M; thus, carbicarb is also strongly hypertonic since its concentration of osmolites is far
higher than the isotonic concentration of 300 mM. Interestingly, carbicarb was never
adopted in clinical practice because it did not produce significantly better outcomes of
treatment of states of acidemia in human patients beyond what the standard hypertonic
solution of sodium bicarbonate produced. The reason for this clinical research result on
humans was not fully understood, but it was clear that hypertonic carbicarb did not perform
noticeably better than hypertonic sodium bicarbonate in a clinical setting. Thus, carbicarb
was not found to be a more effective base-treatment solution for treating acidosis in a clinical
setting than the standard treatment solution of sodium bicarbonate, and so it never replaced
the standard treatment solution of sodium bicarbonate that is still commonly used today.
Likewise, hypertonic solutions of pure Na,COs are strongly alkaline and can have deleterious

“effects if administered in any substantial quantity.

[00238] Hypertonic solutions containing osmolite concentrations much higher than
isotonic, when added even in small relative volumes to blood, could adversely affect the
structure and functionality of blood cells and other structures in the blood and surrounding
tissues. So, it is possible that hypertonic base-treatment solutions have not been effective in
treating human patients having acidemic states in prior studies because of adverse effects of
such hypertonic solutions on blood cells and other structures. Destruction of even a fraction
of a patient's blood cells by hypertonic base-treatment solutions could lead to additional

unnecessary stress on the patient that would be highly undesirable.
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[00239] Thus, there remains ample room for new innovations in the optimization of
base-treatment solutions and in methods of administration of optimized base-treatment
solutions that could substantially improve the treatment of acute metabolic acidosis beyond

the current art.
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[00241] In an embodiment of the current invention, a near-isotonic solution that
includes a strong base in its composition is administered to an acidemic patient to raise the
patient's blood pH, lower the patient's blood PCO2, and minimize damage to the patient's
blood cells, thereby effectively treating the patient's acidemia. This approach differs from
the prior art because we use a lower, near-isotonic concentration of a solution that contains a
strong base, and this provides a clear improvement over high concentration solutions that
have been used in the past. In particular, we find that near-isotonic solutions that contain
strong bases, including but not limited to disodium carbonate, sodium hydroxide, and
tris(hydroxymethyl)aminomethane (Tris), can be used to raise blood pH into a desirable
range, lower blood PCO2 into a desirable range, and minimize visible damage to blood cells
as probed using optical microscopy. Because we use higher concentrations of a strong base
than in carbicarb, and because we limit the concentration of total osmolite species in the
base-treatment solution to be much lower, in the near-isotonic range, we achieve significantly
improved performance in treating acidemia over the prior art. We also show that the two high
concentration treatment solutions of standard 1.0 M sodium bicarbonate and carbicarb of the
prior art lead to significant damage to blood cells because both of these solutions have high
osmolite concentrations compared to isotonic. This potentially explains the adverse effects
and lack of improvement in clinical outcomes of standard sodium bicarbonate solutions as

well as carbicarb solutions in clinically treating acidemia in patients.

[00242] In another embodiment of the current invention, one or more near-isotonic
base-treatment solutions, at least one solution of which contains a strong base, are
administered to a patient having an acidemic state using a computer-controlled system that
includes a computer and a computer-controllable liguid dispensing system which uses real-
time and stored changes in measured blood parameters of a patient, read from a computer-
connected device, including but not limited to a pH meter and an optical blood-gas analyzer,
in a feedback loop to optimize the administration of said near-isotonic base-treatment

solution to said patient having an acidemic state.
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[00243] In another embodiment of the current invention, a composition of a base-
treatment solution for treating acidosis is an aqueous solution of Na,COs; : NaHCO; at a
molar ratio of about 2 : 1 or larger, wherein the molar ratio is selected to achieve both a
desired pH increase and a desired PCO2 reduction, and wherein the total concentration of

osmolites in said base-treatment solution is in a range that is near-isotonic.

[00244} In another embodiment of the current invention, a composition of a base-
treatment solution for treating acidosis is an aqueous solution of NaOH : NaHCO; at a molar
ratio of about 2 : 1 or larger, wherein the molar ratio is selected to achieve both a desired pH
increase and a desired PCO2 reduction, and wherein the total concentration of osmolites in

said base-treatment solution is in a range that is near-isotonic.

[00245] In another embodiment of the current invention, a composition of a base-
treatment solution for treating acidosis is an aqueous solution of NaOH : Na,COs, wherein
the concentrations of NaOH and NayCOs, the molar ratio, and the total solution volume are
selected to achieve a desired pH increase, a desired PCO2 reduction, and a desired
concentration of bicarbonate ion [HCO5], and wherein the total concentration of osmolites in

said base-treatment solution is in a range that is near-isotosic.

Experimental Protocol

[00246] We have designed and carried out experiments using canine blood that is more
acid than normal to measure how new types of base-treatment solutions affect blood
chemistry in order to optimize the composition and concentration of the base-treatment

solution for treating acidosis.

[00247] The primary blood chemistry tests were carried out using an IDEXX VetStat
Blood Gas Analyzer (BGA) and single-use IDEXX Electrolyte 8+ cassettes. The VetStat
BGA was calibrated using all standard reference cassettes, passing the necessary reference
tests, and it was also calibrated using Levels 1, 2, and 3 OptiCheck fluids, passing all
calibration fluid tests successfully. The BGA directly measures pH and PCO2 and uses these
values to determine the concentration of the bicarbonate ion HCOs". The pH range of the

BGA has a lower limit of 6.4 and an upper limit of 7.8, and the PCO2 has a lower limit of 10
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mm Hg. The BGA also directly measures [Na'l, [K'], and [CI]. All BGA measurements are
made at a temperature 7 = 37 °C. In addition, simple pH measurements were made using an
Accumet pH meter equipped with an electrode probe suitable for small volumes. Optical
microscopy was performed with a National Optical brightfield microscope using a 40x
objective and a digital camera (Flea2 by Point Grey Research). The image size (i.e. distance
scale) has been calibrated using a 100 line-per-mm reticle. Simple pH measurements using

the meter and optical microscopy were carried out at room temperature r=23°C.

[00248] Canine blood was obtained from Animal Blood Resources International
(Dixon, CA) and stored at 4 °C. This blood has been treated with a citrate-type
anticoagulant; this type of anticoagulant, which can contain citric acid, can lower blood pH
from normal. The first blood sample is "canine blood of 7May2013" (measured pH = 6.98),
more acidic than normal, received fresh from the supplier on 7May2013. The second blood
sample is "canine blood of 9May2013" (measured pH = 6.90), slightly more acidic because
aging of the blood during storage over two days occurred. The third blood sample is "HCI-
acidified canine blood of 9May2013" (measured pH = 6.62), in which 1 part of a 150 mM
solution of hydrochloric acid (HCl) was added to 9 parts of canine blood of 9May2013. The
fourth blood sample is "canine blood of 21May2013" (measured pH = 7.00) which was
received fresh from the supplier in a separate shipment on 21May2013. The fifth blood
sample is "HCl-acidified canine blood of 21May2013" (measured pH = 6.66), in which 1 part
of a 150 mM solution of HCI was added to 9 parts of canine blood of 21May2013.

[60249] Blood samples were treated with base-treatment solutions by adding 1 part of
the base-treatment solution (e.g. 100 microliters) to 9 parts of canine blood (e.g. 900
microliters) and mildly agitating for 10-20 seconds. The base-treated blood was then injected
using a syringe into a heparin-treated capillary tube of 200 microliter capacity. The capillary
tube was inserted into the aspiration nozzle of the Electrolyte 8+ cassette of the VetStat
BGA, and the BGA then tested the blood sample and recorded the results. The entire
procedure takes less than five minutes from mixing to loading of the BGA. A small amount
of the base-treated blood was transferred onto a glass slide with a No. 1 coverslip for viewing

using the optical microscope.
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[00250] We use several conventions for describing the aqueous base-treatment
solutions that we have prepared. Compositions and concentrations of base-treatment
solutions containing carbonate species refer to the concentration carbonate species. These
solutions have been made by dissolving solid bases or hydrates of bases into de-ionized

water. For instance, in an aqueous solution of 150 mM NaHCOs3, the sodium bicarbonate

dissociates into 150 mM HCO3 and 150 mM Na'. Likewise, in an aqueous solution of 150

mM Na,COs, disodium carbonate dissociates into 150 mM CO;* and 300 mM Na'. In the
case of a mixture of two different carbonate base types, we specify individual molarity of
each base. For example, 50 mM NaHCO; : 100 mM Na,COj; refers to an aqueous solution
that has a total dissolved concentration of all carbonate ionic species of 150 mM and a total
concentration of dissolved Na* of 250 mM. For mixtures of two different strong base types,
regardless of whether or not they are both carbonates, such as Na,CO3; and NaOH, we specify
the individual molarity of each base and the total molarity of strong base ions. For example
75 mM Na,COs; : 75 mM NaOH refers to an aqueous solution that has a total strong base ion

concentration of 150 mM , since both C032' and OH are strong bases, and a total

concentration of dissolved Na* of 225 mM.

[00251] We assume that a total ionic concentration (combined concentrations of all
positive and negative ions that function osmotically, excluding H;O" and OH) in blood is
about 300 mM, so we assume that 300 mM is isotonic, and total ionic concentrations that lie
within a range from about 150 mM to about 450 mM are near-isotonic. Many of the base-
treatment solutions that we test are at or near this value of total ionic concentration, so we
refer to such solutions as isotonic or near-isotonic. For example, 150 mM NaHCO; yields a
total ionic concentration of 300 mM after dissociation in water ([Na+] = 150 mM and [HCO3"
] = 150 mM), so this is quite close to isotonic. As a different example, 150 mM NayCOs
yields a total ionic concentration of 450 mM because [Na'] = 300 mM and [C032'] = 150
mM, which, although somewhat larger than 300 mM, we still consider to be a near-isotonic

base-treatment solution.

[00252] In some base-treatment solutions, we have added sodium chloride NaCl in

order to raise the concentration of effective osmolites to near-isotonic. For instance, 150 mM
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NaOH solution only has 150 mM of osmotically effective species after dissociation: 150 mM
[Na']; the 150 mM [OH] is ineffective as an osmotic agent. However, we have also made a
150 mM NaOH : 75 mM NaCl solution; this solution is near-isotonic because the total
concentration of effective osmolites is near 300 mM (i.e. [Na'] = 225 mM and [CIT] = 75
mM). Thus, we recognize that 150 mM NaOH : 75 mM NaCl solution is much closer to

isotonic, yet we still refer to 150 mM NaOH solution as near-isotonic.

Results

[00253] The results of BGA tests have been organized into Tables I-IV. Table I
summarizes results for 150 mM strong base or HCl strong acid solutions added to canine
blood of 9May2013. Strong bases raise pH substantially, and the strong acid HCI lowers pH.
Table II summarizes results of adding 150 mM base-treatment solutions to HCl-acidified
canine blood of 9May2013. Sodium bicarbonate raises the pH only by about 0.2 pH units,
and it elevates PCO2 by about 28 mm Hg. By contrast, base-treatment solutions of strong
bases, such as Na,CO; and NaOH, raise pH by about 0.5 pH units. We find that Nay,CO; is
highly effective in raising pH, while lowering PCO2 substantially, and contributing a positive
increase to [HCOj;-]. We find that NaOH, which is a strong base yet contains no carbonate
species, is also highly effective in raising pH. However, the 150 mM base-treatment solution
of NaOH lowers PCO?2 even more than the solution of Na,COs, so solutions of NaOH cause
very little change, perhaps even a small reduction, in [HCO;']. We also find that a mixed
base-treatment solution that is 75 mM Na,COj3 : 75 mM NaOH , which has 150 mM total of
strong base species, raises pH by about the same amount as either 150 mM pure Na,COs or
150 mM pure NaOH solutions, yet has values of PCO2 and [HCOs5'] that are intermediate
between the two pure solutions. Thus, by controlling the proportion of Na;CO5 and NaOH in
the solution, yet keeping the total ion concentration in the near-isotonic range, it is possible
to control the amount of change in pH and reduction in PCO2 independently. In Table III, we
summarize results for eqimolar mixtures of sodium bicarbonate and disodium carbonate
base-treatment solutions added to HCl-acidified canine blood of 9May2013. The solution at
333 mM NaHCO; : 333 mM Na,CO; is standard carbicarb. As such, carbicarb lies far

outside of the near-isotonic range, so carbicarb is not a near-isotonic base-treatment solution.
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The measured pH increase is about 1.7 (beyond the range of the BGA but measured using the
pH meter) and reduces PCO3 to about 13 mm Hg. In Table IV, we summarize responses of
canine blood of 7May2013 treated using varying proportions of sodium bicarbonate and
disodium carbonate base-treatment solutions at near-isotonic concentrations. By mixing
different proportions of Na,COj3 and NaHCO; into the near-isotonic treatment solution, the
increase in pH and reduction in PCO2 can both be controlled independently. In Table V, we
summarize responses of canine blood of 21May2013 treated using various base-treatment
solutions that are near-isotonic. In Table VI, we summarize responses of HCl-acidified
canine blood of 21May2013 treated using various base-treatment solutions that are near-
isotonic. These responses are very similar to the prior results and demonstrate good
reproducibility of our measurements. In Tables V and VI, we include results for Tris buffer at
pH=8.1, as well as Tris solutions at higher pH than the buffer, and we also include results for
base-treatment solutions that contain added saline in order to raise the total concentration of

osmolites to near-isotonic. Table VII reports the measured pH of the base-treatment solutions

used.

J00254) Figures 15-17 show BGA results for pH, PCO2, and [HCOj3 ]eq respectively

after disodium carbonate base-treatment solutions having concentrations below, near, and

above 150 mM carbonate were added to canine blood of 7May2013. The pH is raised, PCO2

is lowered, and [HCO5'] is raised.

[00255] Figures 18-21 show BGA results for pH, PCO2, [HCOs e, and [Na'le
respectively after near-isotonic 150 mM base-treatment solutions containing NaOH only,
Na,COs only, and 50% NaOH mixed with 50% Na;CO3 were added to canine blood of
9May2013. All three base-treatment solutions provide about the same increase in pH, but
PCO?2 is more substantially reduced by using a base-treatment solution that contains more
NaOH than Na,CO; in the mixture. While NaOH provides essentially the same pH reduction
as NayCO;, the equilibrium sodium ion concentration in the treated biood is lower for NaOH

than for Na,CO, because NaOH is monovalent in sodium but Na,COs is divalent in sodium.

[00256] Figures 22-25 show BGA results for pH, PCO2, [HCO;3Jeq, and [Nafr]wl

respectively after the addition of disodium carbonate base-treatment solutions at different
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concentrations to HCl-acidified canine blood of 9May2013. Although the starting pH of the
blood prior to the addition of the base-treatment solution is lower, the trends in the measured
quantities are very similar to those in Figures 1-3. The lower starting pH enables more
measurements to be made with the BGA, since the pH after treatment is better adapted for

the range of the BGA.

[00257} Figures 26-29 show BGA results for pH, PCO2, JHCO3)eq, and [’I\Taﬁ]eq
respectively after near-isotonic 150 mM base-treatment solutions containing NaOH only,
Na,CO; only, and 50% NaOH mixed with 50% NayCO3 were added to HCl-treated canine
blood of 9May2013. The trends in the results are very similar to those in Figures 18-21 even
if the starting pH was lower because of HCl-acidification of the blood.

[00258] Figures 30-33 show BGA results for pH, PCO2, [HCO3 ]eq, and [Najh]eq
respectively after equimolar base-treatment solutions, which contain equal proportions of
NaHCO; to NayCO; but different total carbonate species concentrations, were added to HCI-
treated canine blood of 9May2013. Carbicarb corresponds to a total carbonate concentration

of 667 mM and a total ionic concentration of 1.0 M, far above the isotonic level.

[00259] Figures 34-37 show BGA results for pH, PCO2, [HCO;s]e, and [Na'leq
respectively after base-treatment solutions, which contain differing proportions of NaHCOs
to Na,COs but a fixed total added carbonate species concentration of 150 mM, were added to
HCl-treated canine blood of 21May2013. These results show that as a larger percentage of
Na,CO5 is used in the mixed base-treatment solution, the efficacy in simultaneously raising
pH and lowering PCO2, both of which can be desired in the treatment of acidosis, of the
treated blood is increased. Moreover, the bicarbonate ion concentration can be replenished

while raising pH and lowering PCO2 by different controllable amounts.

[00260] Figures 38-45 show the results of optical microscopy of canine blood, both
untreated and treated. The images shown are representative of the entire sample, not singled

out for peculiar features.
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[00261] Figure 38 shows an example of the’ appearance of untreated canine blood; red
blood cells (RBCs) appear biconcave and few if any are spiculated (i.e. spiky), broken, or
deformed. Rouleaux, columnar aggregates of RBCs, are not observed. RBCs have diameters
that are approximately 7 microns, consistent with prior reports. The outermost diameter may

appear to be somewhat larger than this value due to diffraction effects in the microscopy.

[00262] Figure 39 shows an example of the appearance of canine blood treated with
1.0 M NaHCOs, a standard base-treatment solution of sodium bicarbonate that is commonly
used in medical practice to treat acute metabolic acidosis. Considerable damage is caused to
RBCs as a result of using this treatment solution. Based on this finding, in the region where
the 1.0 M NaHCO; first contacts the blood (e.g. if administered intravenously as it exits the
injection point and enters the blood), it would be likely that at least some RBCs would be
damaged. Thus, this standard treatment solution has a concentration far above isotonic, and
this treatment solution can cause damage to blood even if sodium bicarbonate is a weak base

having a pKa that is not far above the normal pH of blood.

[00263] Figure 40 shows an example of the appearance of canine blood that has been
treated with a near-isotonic base-treatment sofution of 150 mM Na,CO;. The RBCs are
clearly biconvex and are not spiculated; the RBCs appear very similar to those in Figure 38,
so the RBCs are thus essentially undamaged, at least by visual inspection, by the base-
treatment process. This shows that a near-isotonic base-treatment solution of a strong base, in
this case disodium carbonate, can be mixed into blood without causing visible damage to
RBCs. Because the near-isotonic solution of strong base 150 mM Na;COjs is effective in
raising pH and lowering PCO2 in blood, plus it does not visibly damage RBCs, it thus
appears to be closer to optimal as a base-treatment solution than highly concentrated

solutions that contain a weak base, such as the commonly used 1.0 M NaHCOs.

[00264] Figure 41 shows an example of the appearance of canine blood that has been
treated with a near-isotonic base-treatment solution of 150 mM NaOH. Relatively little
damage to RBCs is observed; a few spiculated RBCs are seen (less than 10% of the
population). However, rouleaux formation is evident. Spiculation or rupturing of RBCs are

much more serious types of blood damage. In some species, removed blood that is not
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flowing in blood vessels exhibits rouleaux formation (e.g. in equine blood); thus, blood can
still be functional and viable even if rouleaux are seen. So, the observation of rouleaux
formation of RBCs, while not ideal, is of minor importance compared to changes in the shape

and integrity of RBCs.

[00265] Figure 42 shows an example of the appearance of canine blood that has been
treated with a near-isotonic base-treatment solution of 75 mM NaOH : 75 mM Na,COs,
yielding a total concentration of strong base species of 150 mM (i.e. having a similar power
to raise pH as solutions in Fig. 40 and Fig. 41). Although a very small population (less than
10%)of spiculated RBCs are observed, the vast majority of RBCs are undamaged, similar to
Figure 41. Rouleaux formation is largely absent in Fig. 42; only a few very small aggregates

are seen.

[00266] Figure 43 shows an example of the appearance of canine blood that has been
treated with 150 mM HCL. A significant population (approximately 30%) of the RBCs
exhibit spiculation, and rouleaux are also observed. These features make the interpretation of
microscope images of HCl-acidified blood that has been subsequently treated with base-
treatment solutions very difficult. Presumably, spiculation and other forms of damage to the
shape and integrity of RBCs are irreversible, so administration of a base might not cause a
return of the spiculated cells to a biconcave shape. Consequently, we do not show any images
of base-treated blood that has been acidified using HCl, since these images contain at least as

many spiculated RBCs as we have observed in HCl-acidified blood of 9May2013.

[00267] Figure 44 shows an example of the appearance of canine blood that has been
treated with carbicarb, 333 mM NaHCO; : 333 mM Na,COs, yielding a total bicarbonate
concentration of 0.667 M, far above isotonic. A large fraction, nearing about 50%, of RBCs
are damaged: noticeably spiculated, deformed, or broken. Some smaller rouleaux are also
observed of the remaining biconcave fraction of RBCs. This micrograph, combined with
Figure 39, provides evidence that highly concentrated solutions (far above isotonic) that
contain weak bases, such as NaHCO; are far from optimal base-treatment solutions for

treating acute metabolic acidosis.
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[00268] Figure 45 shows an example of the appearance of canine blood of 21May2013
treated with a near-isotonic solution of saline-supplemented sodium hydroxide (1 part 150
mM aqueous solution of NaOH containing 75 mM NaCl added to 9 parts blood). Nearly all
RBCs are biconcave (i.e. normal) in shape and very few are spiculated. However, a few
smaller rouleaux are present. Overall, the addition of a small saline concentration appears to
reduce the amount of spiculation and rouleaux formation compared to 150 mM NaOH only

treatment shown in Figure 41.

[00269] Figure 46 shows pH measurements during titration of HCl-acidified canine
blood using three different near-isotonic base-treatment solutions: 150 mM NaHCO;, 100
mM Na,COs, and 100 mM NaOH : 100 mM NaCl. The initial volume of HCl-acidified
canine blood is 4.0 mL; the volume ¥} is the volume of base-treatment solution that has been
added to the HCl-acidified canine blood. The pH measurement is made using a computer-
connected pH meter, and the volume dispense rate has been controlled using a computer-
controlled syringe-pump dispenser. The near-isotonic base-treatment solutions containing
strong bases Na;CO; and NaOH/NaCl have nearly identical titration curves for small
volumes. 7, < 1 mL, and these solutions raise pH into a desirable range from about 7.3 to

about 7.4 at much smaller ¥, than the base-treatment solution of the weak base NaHCOs.
Designing Optimal Base-Treatment Solutions Based on Measurements

[00270] Our measurements of blood chemistry and visual appearance of canine blood
after the addition of a variety of different base-treatment solutions point to near-isotonic
solutions of strong bases as being close to optimal for treating certain forms of acidosis,

including acute metabolic acidosis.

[00271] In particular, near-isotonic solutions containing strong bases Na,CO; and
NaOH can be used to raise pH, while lowering PCO2 without causing substantial visible

damage to RBCs.

[00272] Although NaHCO3 can be used as a component in base-treatment solutions, it
is not optimal for use on its own, unless a significant increase in PCO2 is desired in while

slightly raising pH. Moreover, we find that for base-treatment solutions that are mixtures of
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NaHCO; and NayCOs, the most effective mixtures for raising pH and lowering PCO2 are
those containing significantly more NayCO; than NaHCO:;. Carbicarb as originally
formulated, has a total ion concentration that is far above isotonic, and as a result, visible
damage to a large fraction of RBCs is observed. Thus, carbicarb is not optimal as a base-

treatment solution, at least compared to others we have tested so far.

[00273] Administration of any base-treatment solution at a concentration far above or
far below isotonic should be avoided, except perhaps in extreme circumstances, at least from

the standpoint of visible damage to RBCs, which can be significant.

[00274] A gradual administration of a near-isotonic solution of a strong base or
mixture of bases is effective in raising pH, lowering PCO2, and minimizing visible damage
to RBCs in base-treated blood. This combination of features is highly desirable for the
treatment of acidosis. This represents a non-obvious improvement over the prior art in
several aspects: (1) we have identified near-isotonic base-treatment solutions as being
preferable to highly concentrated base-treatment solutions in minimizing visible damage to
RBCs, (2) we have identified that near-isotonic solutions of strong bases, such as those
containing Na,CO; and NaOH, are effective in raising pH, lowering PCO2, and enabling
tuning of the amount of reduction of PCO2 and increase in [HCOj37], all while minimizing
visible damage to RBCs, and (3) volumes of near-isotonic base-treatment solution of strong
bases are required to treat acidosis in a human are reasonable and not extraordinarily large
because strong bases, such as Na;COs3 and NaOH, are much more effective in raising pH than

weak bases, such as NaHCOs.

[00275] In addition, if desired, the concentration of strong base in a base-treatment
solution can be lowered below near-isotonic conditions, and a salt that is not active in acid-
base chemistry, such as NaCl can be added to the base-treatment solution to keep its total

concentration at a near-isotonic condition.

[00276] We also find that other non-carbonate near-isotonic base-treatment solutions,
such as Tris solution whether or not used in combination with saline, can effectively raise pH
and lower PCO?2 when used to treat blood, but such non-carbonate base-treatment solutions

do not tend to significantly raise (i.e. replenish) the bicarbonate ion concentration in the
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treated blood. Thus, a combination of carbonate and non-carbonate base-treatment solutions
that have a total concentration that is near-isotonic can be used to control and adjust to a
desired level the increase in pH, decrease in PCO2, and change in bicarbonate ion
concentration. Optionally, salts such as NaCl can be added to the base-treatment solution to
increase the concentration of osmolites in order to make such mixed base-treatment solutions

near-isotonic if the total concentration of osmolites is substantially below the near-isotonic

range.

[00277] Furthermore, it can be desirable to administer a near-isotonic base-treatment
solution containing a strong base to a patient using a computer-controlled dispenser that can
adjust the relative concentrations of base and/or saline species in a base-treatment solution.
The volume of base-treatment solution administered, volume rate of administration of the
base-treatment solution, relative concentration of species in the base-treatment solution (i.e.
composition of each type of species), can all be adjusted by the computer-controlled
administration system. In addition, measurements of blood pH, PCOZ2, and other blood
parameters, can be sent to the control computer from measurement devices, such as pH
meters and blood gas analyzers, and, via a feedback loop, this real-time measured
information about a patient's blood can be used by the control computer to adjust the
composition, concentration, rate of administration, and total volume administered of a base-

treatment solution to a patient.

Examples of Human Treatment Based on Measured Values Using Near-Isotonic Strong

Base-Treatment Solutions

[00278] Here, we estimate the volume of isotonic or near-isotonic strong base-
treatment solution ¥; of mixtures of Na,CO; and NaOH at 150 mM total strong base
concentration required to treat ¥y, = 4.75 L of human blood (a rough estimate of the total
blood volume of an adult human) and raise the blood pH by ApH = + 0.3 pH units. Based on
the measured average slope of y = 0.004 pH unit increase per mM of strong base solution
added at 1 part to 9 parts blood, we find that about /4= 0.25 L of administered strong base-
treatment solution at C; = 150 mM will be required. This effectively corresponds to 1 part

150 mM strong base-treatment solution to 19 parts blood, a different ratio than what was
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used in the experiments, yet achieves the desired pH increase. The formula corresponding to

this scenario is:
ApH =10 [/(Vi + Vo) x G
=10x [0.25 L/(0.25 L +4.75 L)] x 0.004 pH unit/mM x 150 mM

= (.3 pH unit.

[00279] Alternatively, if one desires a ratio of 1 part base-treatment solution to 9 part
blood ratio and yet one still wants to obtain a ApH = 0.30 pH units, one can simply lower the
strong base-treatment solution molarity to Cy = 75 mM and boost the ionic strength of the
strong base-treatment solution by adding NaCl at 75 mM to keep the total ionic strength at or
near an isotonic condition. Here, we take the blood volume to be ¥, = 4.5 L and the volume

of strong base-treatment solution to be ¥; = 0.5 L. In this scenario, the same formula applies:
ApH =10 [F/ (Vi + V)] x G
=10 x [0.5 L/(0.5 L + 4.5 L)] x 0.004 pH unit/mM x 75 mM
= (.3 pH unit

[00280] Given the significantly larger total liquid volume compared to the blood
volume in an adult human, the pH change in an actual treatment scenario of a live patient
would be less than what is calculated above, but this larger total liquid volume could be
substituted in the formula above in order to estimate the volume and/or concentration of a
strong base-treatment solution needed to raise blood pH a desired amount. Given the above
estimates, it is likely that one to two liters of near-isotonic strong base-treatment solution
could effectively raise pH while lowering PCO2 without significantly damaging red blood

cells.
Difference between Tris solution and Tris buffer
[00281] There is a significant difference between Tris solution and Tris buffer. This

difference is typically not clearly explained in the literature. Tris solution is a solution of the
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base Tris, which is a proton acceptor and reacts with water to produce hydroxide, thereby
raising pH. As shown in Table VII, the measured pH of a 150 mM Tris solution (containing
some saline that does not participate in acid-base equilibria) is about 10.0. This pH of Tris
solution is much higher than the pH associated with 150 mM Tris buffer, measured to be 8.1.
Tris buffer can be made from Tris solution by adding an adequate quantity of HCl to a Tris
solution until a pH of 8.1 is reached. Thus, Tris solution is different than Tris buffer, and Tris
solution has a greater capacity to raise blood pH than Tris buffer if both the Tris solution and

the Tris buffer are at the same molarity.

Delivery of optimized treatment solutions using computer-controlled liquid dispensing
pumps with or without computer feedback control for treating patients who have

blood- and body- chemistry disorders including but not limited to acidosis

[00282] We have developed a computer-controlled multi-liquid dispensing system that
is capable of delivering and changing in real-time the composition and concentration of
delivered base-treatment solutions using feedback from real-time measurements of blood

parameters, including but not limited to pH.

[00283] As an example embodiment, we have built a computer-controlled, multi-
liquid, multi-injection-point dispensing system using a dual syringe pump computer-
controllable liquid dispenser, a pH meter that is equipped to send measurements t0 a
computer, and a control computer programmed with software that reads electronic signals
from the pH meter through a first conducting cable and sends commands to the liquid
dispenser electronically through a second conducting cable. The use of the pH meter is
optional, but this pH meter can provide information about an important blood parameter, pH,
that can be used to change the composition, concentration, rate of delivery, and total fluid
delivered in real-time through a feedback loop as programmed in the control computer's
software. Alternatively, other ion sensitive electrodes, not just pH electrodes, can be used
with the pH meter. A computer-connected UV-Vis spectrometer can be employed as part of
the apparatus for measuring blood-gas parameters such as PCO2 and PO2 that can be used in
choosing the types of liquids, compositions of liquids, volume rates of delivery of liquids,

and total volume of liquids delivered.
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[00284] A Hamilton dual syringe pump system (MicroLab 560), containing two
computer-controlled motors to drive the dispensing of the syringes, two syringes, and two
computer-controlled values, is digitally linked to a Dell computer (Precision 490) via the first
of its two built-in serial communications ports. An Accumet pH meter (model AB150) with a
digital output is equipped with a pH electrode (Thermo Scientific Orion micro pH), and this
pH meter is also digitally linked to the Dell computer using the second of its two built-in
serial communications ports. LabVIEW programming environment by National Instruments
is loaded onto the Dell computer and a software program (i.e. LABVIEW virtual instrument)
has been written in the LabVIEW programming environment to control the dispensing of the
treatment liquids by the Hamilton syringe pump system, to read signals from the Accumet
pH meter, and to display and record the dispensed liquids and pH measurement in real-time.
The two syringes are loaded with two different base-treatment solutions and the output of the
dual syringe pump system is typically the combined outflow from the two syringes (i.e. the
liquids dispensed by each of the two syringes are typically combined using a Y-type coupler
for the tubing outputs of each syringe). Alternatively, the liquids dispensed by each of the
two syringes are not combined, but instead are directed to different injection points into the
patient's circulatory system. If necessary, the Hamilton dual syringe pump automatically
reloads the syringes from large liquid reservoirs of the dispensed liquids using two separate
built-in computer-controlled valves that are located at the ends of the two syringes. Thus, the
total volume dispensed is not limited to the syringe volume, which is typically between about
10 mL up to 50 mL. An image of the computer-controlled liquid-treatment system that we

have created is shown in Figure 47.

[00285] Other common types of computer-controlled liquid dispensing pumps, such as
peristaltic, diaphragm, and progressing cavity pumps, could alternatively be used in

combination with reservoirs of liquids to be dispensed.

[00286] We have written a computer program using LabVIEW that independently
controls the dispense rates of two different liquids (e.g. such as base-treatment solutions
and/or saline solutions), total amounts of the two different dispensed liquids that can be
injected into a patient's blood vessels at one or more injection points. These rates and

amounts are adjusted in real-time using feedback of the pH measurement from the pH meter;
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this pH measurement can be made real-time on the patient's blood, sampled at a location in
the patient's circulatory system that is different than any of the injection points so that the
liquids have been adequately mixed with the patient's blood. A particular patient's
information (e.g. such as weight, height, sex, age, medical condition, blood-gas parameters,
and/or genetic information) is entered into the software of the control computer, and the
software in the control computer uses this information to customize the types of liquids,
compositions of liquids, volume rates of delivery of fiquids, and total volume of liquids
delivered to a particular patient, based on a database of treatment parameters and equations
related to optimal treatment as programmed into the software of the control computer. The

liquid-handling components of the apparatus can be sterilized for repeated use.

J00287) In another embodiment, based on stored information about the efficacy of
base-treatment solutions, stored equations related to how different base-treatment solutions
provide different changes in pH and PCO2, information entered about a patient, and real-time
information provided by input devices such as a pH meter, the software recommends to a
physician the types, compositions, volume rates, and total volumes of liquids to be
administered to the patient in order to treat that patient's specific symptoms of acidosis. The
physician can either approve the software-recommended treatment or the physician can
manually override this and enter desired treatment solution types, compositions,

concentrations, volume-dispense rates, and total liquid volumes dispensed.
[00288] Table 1
Responses of canine blood of 9May2013 to added near-isotonic solutions

(1 part solution added to 9 parts canine blood 9May2013)

Added Conc. pH | PCO;, [HCO5] [Na'] | [K] |[CI]
solution (mM) (mm Hg) | (mM) (mM) | (mM) | (mM)
none 0 6.90 | 87 15.8 148 4.2 98
NayCOs3 150 7.57 | 43 37.1 164 34 103
NaOH 150 7.47 |23 15.3 147 3.6 98
Na,COs: 75:75 7.47 | 36 24.0 156 3.5 100
NaOH (1:1) | =150 tot
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HCl 150 6.62 | 113 10.8 128 3.8 94
[00289] Table II

Responses of HCl-acidified canine blood of 9May2013 to added near-isotonic base solutions

(1 part solution added to 9 parts HCl-acidified canine blood).

Added Conc. |pH |PCO, [HCOs] |[MNa'] |[K'] |[CI]
base (mM) (mm Hg) | (mM) (mM) | (mM) | (mM)
solution

none 0 6.62 | 113 10.8 128 3.8 94
NaHCO; 150 6.82 | 141 21.2 135 3.1 92
Na,CO; 150 7.31 j 61 28.4 153 3.0 98
NaOH 150 7.21 123 8.3 135 32 95
Na,COs: 75:75 7.37 | 28 15.3 143 3.1 97
NaOH (1:1) | = 150 tot

[00290] Table III

Responses of HCl-acidified canine blood of 9May2013 to added hypertonic base solutions (1

part solution added to 9 parts HCl-acidified canine blood).

pH value in italics represents a non-BGA solution probe measurement.

Added Conc. |pH |PCO, [HCO;] |MNa'] |[K'] |[Cl]
base (mM) (mm Hg) | (mM) (mM) | (mM) | (mM)
solution

none 0 6.62 | 113 10.8 128 3.8 94
NaHCOs: 167: 7.76 | 38 50.5 171 2.7 106
Na2CO3 167

NaHCOs;: | 333: 836 | 13 2.6 118
Na2CO3 333

[00291] Table IV
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Responses of canine blood 7May2013 to added base-treatment solutions of sodium
bicarbonate and disodium carbonate. The total carbonate species concentration of the added

base-treatment solution is fixed at 150 mM.

(1 part base-treatment solution added to 9 parts canine blood 7May2013).

f Added Conc. |pH |PCO;|[HCO; |[Na'l|[K'] |[CI]
base (mM) (mm | [(@mM) | (@M) | (mM)  (mM)
solution Hg)

none 0 6.98 | 75 16.4 148 3.5 98

NaHCOs: 0: 7.54 | 44 34.7 162 2.8 103
N32CO3 150

NaHCOs: 25: 7.50 | 47 34.3 162 2.8 102
Na,CO; 125

NaHCO;s: | 37.5: 7.54 147 36.9 162 2.8 101
Na2C03 112.5

NaHCOs: 75: 741 | 57 33.6 158 2.9 99

Na2CO3 75

[00292] Table V

Responses of canine blood of 21May2013 to added near-isotonic solutions

(1 part solution added to 9 parts canine blood 21May2013)

Added Conc. |pH |PCO; [HCOs] |MNa'l [[K'] |[CIT
solution (mM) (mm Hg) | (mM) (mM) | (mM) | (mM)
none 0 7.00 | 73 16.6 150 3.3 101
Na,COs 150 7.57 | 43 37.1 164 3.4 103
NaOH 150 7.57 | 20 17.1 146 2.9 99
NaOH:NaCl | 150:75 | 7.54 | 21 16.4 155 2.9 105
Tris Soln 150 7.50 | 27 19.5 135 2.9 98
Tris Soln: 150:75 | 7.50 | 26 19.1 144 2.9 104
NaCl

Tris Buffer | 150 7.18 | 41 144 134 3.0 100
HCI 150 6.66 | 115 11.9 130 3.0 95
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[00293] Table VI

Responses of canine blood of HCl-acidified 21May2013 to added near-isotonic solutions (1
part solution added to 9 parts HCl-acidified canine blood 21May2013)

Added Conc. |pH |PCO, [HCOs] |[Na']l|[K] |[CI]
solution (mM) (mm Hg) | (mM) (mM) | (mM) | (mM)
none 0 6.66 | 115 i1.9 130 3.0 95
NaOH:Na(Cl | 150:75 | 7.33 | 21 10.1 143 2.6 100
Tris Soln: 150:75 | 7.24 | 28 11.0 131 2.6 100
NaCl

Tris Buffer | 150 6.96 | 42 8.8 122 2.7 98
Na,CO3 150 7.39 | 47 26.2 152 2.5 99
NaHCO3: 25: 7.31 | 60 27.4 152 3.6 99
Na2C03 125 .

NaHCOs: 37.5: 7.20 | 73 26.4 150 4.3 99
Na,CO3 112.5

NaHCOs: 75: 7.04 | 101 25.2 145 5.6 98
Na,COs 75

NaHCO; 150 6.86 | 135 22.6 136 2.6 93
[00294] Table VII

Measured pH of base-treatment solutions. Measurements are made using an Accumet pH

meter equipped with a calibrated pH electrode.

Base-Treatment Solution | Measured
pH

150 mM NaHCO; 8.18
1.0 M NaHCO; 8.10
75 mM Na,CO5 11.18
100 mM Na,COs 11.33
150 mM Na,COs 11.42
200 mM Na;COs 11.35
250 mM Na,COs 11.35
360 mM Na,CO; 11.37
1.0 M Na,COs 11.66
100 mM NaOH : 100 mM NaCl 12.91
150 mM NaOH 12.95
75 mM Na,COs : 75 mM NaOH 12.64
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[ 150 mM Tris : 75 mM NaCl 10.08

[ 150 mM Tris Buffer 8.11
167 mM NaHCO; : 167 mM NayCO;4 9.80
333 mM NaHCO; : 333 mM NayCOs 9.63
25 mM NaHCO; : 125 mM Na,CO; 10.48
37.5 mM NaHCO; : 112.5 mM Na,COs 10.23

First Example Embodiment of Treating an Acidetic Rat using a Near-Isotonic Base-

Treatment Solution Containing a Strong Base:

[00295] As a first example embodiment, we treat a 246.6 g male Sprague-Dawley
(SD) rat, hereafter referred to as RAT A. RAT A is intubated using an oxygen ventilator, set
at about 53 breaths/minute using 1.5% isoflurane as an anesthetic agent, according to an
approved procedure 1999-028 (UCLA Medical School Physiology). This form of anesthesia
permits good heart, lung, liver, and kidney function in an intubated rat. RAT A has catheters
inserted into the jugular, a femoral vein, and a femoral artery. The blood is heparinized in
order to prevent clotting of blood in the catheters. We first induce an acidotic state,
characterized by lower than normal levels of pH and bicarbonate ion concentration [HCOj3 ],
by bleeding RAT A and then injecting a 0.55 M lactic acid solution intravenously into RAT
A via the femoral vein. Blood-gas parameters (pH, PCO2, and [HCO;-]) as well as blood ion
concentrations ([Na+], [Cl-], and [K+]) are measured on 200 microliter blood samples taken
from RAT A using an IDEXX VetStat Blood-Gas Analyzer (BGA) with disposable
Electrolyte 8+ cassettes throughout the experiment. After establishing an acidotic state, we
then treat RAT A by injecting a near-isotonic base solution containing a strong base
intravenously. This base solution contains 112.5 mM disodium carbonate (NayCOs, a strong

base) and 37.5 mM sodium bicarbonate (NaHCO;, a weak base) in water.

[00296] We estimate the original circulating blood volume in milliliters as being about
7% of the rat's body weight in grams. The total circulating blood volume (including all
injected solutions) and the remaining original blood volume are plotted as a function of time
in Figure 48. The initial step-reduction in both reflects the initial bleed of the rat, which is
used as the reference point of time = 0 min. Thereafter, the total circulating blood volume

increases because of the injected acid and base solutions, whereas the remaining original
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blood volume decreases slightly because of dilution by the injected acid and base solutions.
The volumes shown in Figure 1 account for the small volume of blood removed for each of
the BGA measurements. After the initial bleed, 0.55 M lactic acid solution is injected; the
volume of acid solution injected is also shown in the lower part of Figure 48. Once the BGA
parameters have reached a sufficiently strong acidotic state, corresponding to a total injected
volume of the acid solution of about 5.7 mL, we stop the injection of acid solution.
Thereafter, we administer 112.5 mM Na,CO3 + 37.5 mM NaHCO; base solution that has a
near-isotonic osmolite concentration by injection into the femoral vein using a programmable
automated syringe pump; the volume of injected base solution as a function of time is shown
in the lower part of Figure 48. The total volume of injected base at the end of the injection is

about 3.3 mL.

[00297] We show the dependence of the BGA parameters as a function of time for
RAT A in Figure 49. Initially at time = 0, prior to injecting the acid solution, for arterial
blood, the pH is pH = 7.44, the carbon dioxide pressure is PCO2 = 35 mm Hg, and the

bicarbonate ion concentration is [HCO3] = 21.4 mM. These values are in the normal range

for an SD rat. After the initial bleed and injection of 5.7 mL of 0.55 M lactic acid solution,
we measure the following values for BGA parameters: pH = 7.11 (arterial) and pH = 7.22

(venous); PCO2 = 42 mm Hg (arterial) and PCO2 = 38 mm Hg (venous); and [HCOs]=12.3
mM (arterial) and [HCO5] = 14.5 mM (venous), as shown around 80 min < Time < 90 min
in Figure 49. The reductions in pH and [HCO5] below the normal range clearly indicate that

the injected acid solution has created an acidotic state in RAT A. Following this, we treat the
acidotic RAT A using base solution. After treatment with 3.3 mL of injected base solution,
we measure the following for the BGA parameters of RAT A: pH = 7.40 (arterial) and pH =
7.34 (venous); PCO2 = 38 mm Hg (arterial) and PCO2 =47 mm Hg (venous); and [HCO5 ] =

21.9 mM (arterial) and [HCO;'] = 23.6 mM (venous), as shown at the longest time in Figure

2. These values for the BGA parameters are in the normal range, so the near-isotonic base
treatment solution has efficiently treated the acidotic state that had previously been induced

in RAT A,
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[00298] Treatment of the acidotic state of RAT A by about 3.3 mL of the near-isotonic
base solution (112.5 mM Na,CO; + 37.5 mM NaHCO3) results in: an increase in pH
(averaged over arterial and venous), ApH = + 0.26; a very small average change in pressure
of CO,, APCO2 = + 2.5 mm Hg; and an average increase in bicarbonate ion concentration,
A[HCO;] = + 9.4 mM. Thus, as predicted by a theoretical model, use of predominantly
disodium carbonate, rather than sodium bicarbonate, in the base-treatment solution has
caused both pH and [HCO;7] to increase substantially without causing a large increase in

PCO2. This is a highly desirable result.

[00299] In addition to tracking BGA parameters, we also have measured [Na™], [CI],
and [K'] ion concentrations in the blood of RAT A as a function of time during the
experiment, as shown in Figure 50. Slight decreases are seen in [Na*] and [CI], and [K']

remains essentially unchanged.

[00300] RAT A survived until the end of the experiment and could have survived
significantly longer, but the approved protocol required sacrificing the animal while it was
under anesthetic. Heart and lungs appeared to be in good condition after treatment with the

base solution.

[00301] From the data we have obtained from RAT A, we estimate changes in average
pH and average [HCO5'] per mL of near-isotonic base solution injected per gram of body
weight of RAT A. Thus, for this particular base-treatment solution, we can estimate for the
pH change: +0.26/(3.3 mL/246.6 g) = +19.4 kg/L, and we would estimate for the bicarbonate
ion change: +9.4 mM/(3.3 mL/246.6 g) = +0.70 M (kg/L).

[00302] Extrapolating these results from the rat scale to the human scale, to obtain a
+0.2 increase in blood pH in a human weighing 60 kg, the relevant equation is +0.2 = +19.4
kg/L x (Viase/60 kg), 50 Poase = 0.62 L of base-treatment solution would have to be
administered to the human. This is less volume than is typically required using sodium
bicarbonate solution, thereby indicating that the base-treatment solution we used to treat
RAT A, which contains a large proportion of strong base, is more efficacious in treating an

acidotic state than a sodium bicarbonate solution. With Fiase = 0.62 L of the same base-
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treatment solution administered to the human, we would estimate a corresponding increase in

bicarbonate ion concentration in the human of +7.2 mM.

Second Example Embodiment of Treating an Acidotic Rat using a Near-Isotonic Base-

Treatment Solution Containing a Strong Base:

[00303] As a second example embodiment, we induce a state of acidemia in a rat using
a different approach, gavage of an aqueous solution of the acid ammonium chloride (NH4CI),
and then we treat the induced acidotic rat using a near-isotonic base-treatment solution that is
dominantly composed of a strong base. For this second embodiment, the rat is a male SD
weighing 340.8 g (date of birth 5/26/2013), hereafter referred to as RAT B. We fast the rat
(food only) for 12 hours and then measure BGA and ion parameters using the IDEXX
VetStat from RAT B's orbital blood: pH = 7.39, PCO2 = 51 mm Hg, [HCO;] =28.8 mM,
[Na+] = 142 mM, [C]-] = 106 mM, and [K+] = 4.3 mM. We then administer a first gavage of
3.5 mL of a 2.5% w/v NH4CI solution to RAT B. After waiting 5 minutes for the solution to
be taken up, we administer a second gavage of 3.5 mL of a 2.5% w/v NH4CI1 solution to RAT
B.

[00304] Roughly one hour after the second gavage, RAT B is intubated using an
oxygen ventilator, set at about 53 breaths/minute using 1.5% isoflurane as an anesthetic
agent, according to an approved procedure 1999-028 (UCLA Medical School Physiology).
This form of anesthesia permits good heart, lung, liver, and kidney function in an intubated
rat. We insert catheters into RAT B in the following blood vessels: jugular, a femoral vein,
and a femoral artery. The blood is heparinized in order to prevent clotting of blood in the
catheters. Roughly 2 hours and 50 minutes after the second gavage, the following BGA and
ion concentrations of RAT B's blood are measured. Arterial blood has measured values of pH
= 7.18, PCO2 = 28 mm Hg, [HCO5] = 9.7 mM, [Na'] = 137 mM, [CI'] = 118 mM, and K"
= 5.9 mM. Venous blood has measured values of pH = 7.16, PCO2 = 28 mm Hg, [HCOs] =
9.5 mM, [Na'] = 140 mM, [Cl'] = 117 mM, and [K'] = 6.3 mM. Thus, after gavage, RAT B's
pH and bicarbonate ion concentrations are well below the normal range, and are in the range

associated with moderate to severe acidosis. An echo experiment, performed using an
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Acuson echo machine to evaluate cardiac function, reveals an ejection fraction of 49.3%,

indicating cardiac function is depressed compared to a normal state in an SD rat.

[00305] Roughly 3 hours and 20 minutes after the second gavage, we begin
administering a near-isotonic base solution (112.5 mM Na,CO5 + 37.5 mM NaHCO3) via
injection into the femoral vein of RAT B. After 2.5 mL of base solution has been
administered, at about 3 hours and 50 minutes after the second gavage, we measure the
following BGA parameters and ion concentrations of RAT B. Arterial blood has measured
values of pH = 7.28, PCO2 =29 mm Hg, [HCO;'] = 12.6 mM, [Na']= 140 mM, [C1] =117
mM, and [K+] = 6.2 mM. Venous blood has measured values of pH = 7.22, PCO2 = 33 mm
Hg, [HCO5 ] = 12.6 mM, [Na']= 142 mM, [CI'] = 117 mM, and [K'] = 6.1 mM. Thus, there
{s a measurable increase in pH and [HCO;-] without much change in PCO2. After removing
2 mL of blood to keep the total blood volume from expanding too much as we inject solution,
we continue injecting the same base solution. After an additional 2.5 mL of base treatment
solution has been administered, yielding a total of 5.0 mL of base treatment solution, at about
4 hours and 20 minutes after the second gavage, we measure the following BGA parameters
and ion concentrations for RAT B. Arterial blood has measured values of pH = 7.34, PCO2
=31 mm Hg, [HCO5] = 15.6 mM, [Na'] = 142 mM, [Cl] = 115 mM, and [K']= 5.2 mM.
The increase in pH and [HCO;5'] without a significant change in PCO2 are observed as a
result of administering the base treatment solution. An echo experiment performed on RAT B
to measure cardiac function after base treatment reveals an increase (i.e. improvement) in

ejection fraction to 55.5%.

[00306] RAT B survived until the end of the experiment and could have survived
significantly longer, but the approved protocol required sacrificing the animal while it was
under anesthetic. Heart and lungs appeared to be in excellent condition after treatment with

the base solution.

[00307] From the data we have obtained from RAT B, we estimate changes in average
pH and average [HCO;'] per mL of near-isotonic base solution injected per gram of body

weight of RAT B. Thus, for this particular base-treatment solution, we can estimate for the
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pH change: +0.16/(5.0 mL/340.8 g) = +10.9 kg/L, and we would estimate for the bicarbonate
ion concentration change: +5.9 mM/(5.0 mL/340.8 g) = +0.40 M (kg/L).

[00308] Extrapolating these results from the rat scale to the human scale, based on
results for RAT B, to obtain a +0.2 increase in blood pH in a human weighing 60 kg, the
relevant equation is +0.2 = +10.9 kg/L x (Vbase/60 kg), SO Vpase = 1.10 L of base-treatment
solution would have to be administered to the human. This estimate is comparable to or less
than the typical volume administered of 1.0 M sodium bicarbonate solution in a typical
clinical treatment of acidosis in a human. Thus, the near-isotonic base-treatment solution we
used to treat RAT B, which contains a large proportion of strong base Na,COs, can be at least
as efficacious in treating an acidotic state than a sodium bicarbonate solution that has a much
higher concentration. With Viaee = 1.10 L of the same near-isotonic base-treatment solution
administered to the human, we would estimate a corresponding increase in bicarbonate ion

concentration in the human of +0.40 M kg/L x 1.10 L / 60 kg = +7.3 mM.
Average Values for Predicting Changes in pH and Bicarbonate Ion Concentration

J00309] Averaging values for RAT A and RAT B, we estimate that the average pH
change for the particular near-isotonic base-treatment solution (112.5 mM Na,CO; + 37.5
mM NaHCOs3) as being: +15.2 kg/L. Likewise for the change in bicarbonate ion
concentration for the same particular near-isotonic base-treatment solution, averaging values
for RAT A and RAT B, we estimate: +0.55 M kg/L. For both RAT A and RAT B, the change
in PCO2 as a result of administering the near-isotonic base-treament solution described

above is essentially negligible, given the measurement uncertainty of the BGA device.

Third Example Embodiment of Treating an Acidotic Rat using a Near-Isotonic Base-

Treatment Solution Containing a Strong Base:

[00310] As a third example embodiment, we induce a state of acidemia in a rat using
gavage of an aqueous solution of the acid ammonium chloride (NH4Cl), and then we treat the
induced acidotic rat using an aqueous near-isotonic base-treatment solution containing only
disodium carbonate, a strong base. For this third embodiment, the rat is a male SD weighing

379.9 g (date of birth 5/26/2013), hereafter referred to as RAT C. We fast the rat (food only)
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for 12 hours. We administer a first gavage of 4.0 mL of a 2.5% w/v NH4Cl solution to RAT
C. After waiting 5 minutes for the solution to be taken up, we administer a second gavage of

4.0 mL of a 2.5% w/v NH4Cl solution to RAT C.

[00311] Roughly one hour after the second gavage, RAT C is intubated using an
oxygen ventilator, set at about 53 breaths/minute using 1.5% isoflurane as an anesthetic
agent, according to an approved procedure 1999-028 (UCLA Medical School Physiology).
We insert catheters into RAT C in the following blood vessels: a femoral vein and a femoral
artery. The blood is heparinized in order to prevent clotting of blood in the catheters.
Roughly 3 hours after the second gavage, the following BGA and ion concentrations of RAT
('s arterial blood are measured using the IDEXX VetStat with Electrolyte 8+ cassettes: pH =
7.24, PCO2 = 22 mm Hg, [HCO;'] = 8.8 mM, [Na'] = 142 mM, [CI'] = 119 mM, and K=
4.3 mM. Thus, after gavage, RAT C's pH and bicarbonate ion concentrations are well below

the normal range.

[00312] Roughly 3 hours and 20 minutes after the second gavage, we begin
administering a near-isotonic base solution of disodium carbonate (150 mM Na,CO;3) via
injection at 5 mL/hr into the femoral vein of RAT C. After 2.5 mL of base solution has been
administered, at about 3 hours and 50 minutes after the second gavage, we measure the
arterial blood of RAT C, yielding the following BGA parameters and ion concentrations: pH
= 7.38, PCO2 = 23 mm Hg, [HCO;] = 12.8 mM, [Na'] = 141 mM, [CI] = 117 mM, and
[K'] = 5.0 mM. Thus, we observe a measurable increase in pH and [HCOs-] without much
change in PCO2. After removing 2 mL of blood to keep the total blood volume from
expanding too much as we inject solution, we continue injecting the same base solution.
After an additional 2.5 mL of the near-isotonic base treatment solution of 150 mM Na,CO3
has been administered, yielding a total of 5.0 mL of base treatment solution (i.e. after an
additional 30 minutes of injection of the base solution), we measure the following arterial
BGA parameters and ion concentrations for RAT C: pH = 7.42, PCO2 =24 mm Hg, [HCO;~
]=14.4 mM, [Na'] = 143 mM, [C1] = 118 mM, and [K']= 5.0 mM. Thus, RAT C's pH and
[HCO;] have been increased, without causing a significant change in PCO2, as a result of

administering the near-isotonic base treatment solution. An echo experiment performed on
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RAT C to measure cardiac function after base treatment reveals an increase (ie.
improvement) in ejection fraction to 81.8%, which is comparable to and slightly better than

RAT C's initial ejection fraction of 74.2% measured by cardiac echo prior to gavage.

[00313] Optical transmission microscopy measurements were performed on the blood
of RAT C throughout administration of the near-isotonic base-treatment solution, and we did
not observe any significant increase in spiculation or other types of damage to RAT C's red
blood cells as a result of near-isotonic base administration. RAT C survived until the end of
the experiment and could have survived significantly longer, but the approved protocol
required sacrificing the animal while it was under anesthetic. Heart and lungs appeared to be
in excellent condition after treatment with the strong base solution. No obvious damage to
tissue was seen visually near the injection site of the 150 mM NaCO; base-treatment

solution.

[00314] From the data we have obtained from RAT C, we estimate the changes in
average pH and average [HCOs5] per mL of near-isotonic base solution of pure disodium
carbonate (150 mM Na,COs) injected per gram of body weight of RAT C. We estimate the
pH change to be: +0.18/(5.0 mL/379.9 g) = +13.7 g/mL = +13.7 kg/L, and we estimate for
the bicarbonate ion concentration change: +5.6 mM/(5.0 mL/379.9 g) = +0.43 M (g/mL) =
+0.43 M (kg/L).

[00315] Extrapolating these results from the rat scale to the human scale, based on
results for RAT C, to obtain a +0.2 increase in blood pH in a human weighing 60 kg, the
relevant equation is +0.2 = +13.7 kg/L x (Vbase/60 kg), 50 Vpase = 0.88 L of 150 mM Na,CO3
base-treatment solution would have to be administered to the human. Thus, a reasonable
volume near 1 L of the base-treatment solution containing only the strong base Na,COj3 at a
near-isotonic concentration would be efficacious in treating a state of acidemia in a human.
Using Viase = 0.88 L of the same base-treatment solution administered to the human, we
would estimate an increase in bicarbonate ion concentration in the human to be: +0.43 M

kg/L x 0.88 L / 60 kg = +6.3 mM.
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[00316] The embodiments illustrated and discussed in this specification are intended
only to teach those skilled in the art how to make and use the invention. In describing
embodiments of the invention, specific terminology is employed for the sake of clarity.
However, the invention is not intended to be limited to the specific terminology so selected.
The above-described embodiments of the invention may be modified or varied, without
departing from the invention, as appreciated by those skilled in the art in light of the above
teachings. It is therefore to be understood that, within the scope of the claims and their

equivalents, the invention may be practiced otherwise than as specifically described.
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WE CLAIM:

1. A system for treating an acidotic patient, comprising:
an intravenous-fluid supply system;

an automated fluid mixer and dispenser connected to said intravenous-fluid supply

system to receive at least one supply fluid therefrom;

an electronic control system configured to communicate with said automated fluid

mixer and dispenser; and

an intravenous line fluidly connected to said automated fluid mixer and dispenser,
said intravenous line comprising an intravenous connecter configured for injecting
intravenous fluid dispensed from said automated fluid mixer and dispenser intravenously into

said acidotic patient,

wherein said electronic control system is configured to control at least one of a total
volume or a flow rate of said intravenous fluid to be injected into said acidotic patient’s
blood based on at least a measured pH of said acidotic patient’s blood and based on a

composition of said at least one supply fluid.

2. A system for treating an acidotic patient according to claim 1, wherein said electronic
control system is further configured to control at least one of said total volume or said flow
rate of said intravenous fluid to be injected into said acidotic patient’s blood based on at least
one of a predicted pH effect, a predicted pCO2 effect, and a predicted bicarbonate anion

concentration effect of said intravenous fluid to be injected.

3. A system for treating an acidotic patient according to claim 2, wherein said electronic

control system is further configured to control at least one of said total volume or said flow
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rate of said intravenous fluid to be injected into said acidotic patient’s blood further based on
a predicted effect of said intravenous fluid to be injected on an isotonic condition of said

acidotic patient’s blood.

4. A system for treating an acidotic patient according to claim 1, wherein said at least
one supply fluid from said intravenous-fluid supply system comprises at least a first supply

fluid and a second supply fluid, and

wherein said electronic control system is further configured to provide control signals
to said automated fluid mixer and dispenser to mix said first and second supply fluids in a

proportion based on at least said measured pH of said acidotic patient’s blood.

5. A system for treating an acidotic patient according to claim 2, wherein said at least
one supply fluid from said intravenous-fluid supply system comprises at least a first supply

fluid and a second supply fluid, and

wherein said electronic control system is further configured to provide control signals
to said automated fluid mixer and dispenser to mix said first and second supply fluidsina

proportion based on predicted pH and pCO; effects of said intravenous fluid to be injected.

6. A system for treating an acidotic patient according to claim 5, wherein said electronic
control system is further configured to provide control signals to said automated fluid mixer
and dispenser to mix said first and second supply fluids in a proportion and a concentration
based on a predicted effect of said intravenous fluid to be injected on an isotonic condition of

said acidotic patient’s blood.
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7. A system for treating an acidotic patient according to any one of claims 4-6, wherein

said first supply fluid has a higher pH in a base range than a pH of said second solution.

8. A system for treating an acidotic patient according to claim 7, wherein said second
supply fluid is an aqueous solution comprising dissolved sodium bicarbonate, and said first
solution is an aqueous solution comprising at least one of dissolved disodium carbonate,

sodium hydroxide, or tristhydroxymethyl)aminomethane.

9. A system for treating an acidotic patient according to claim 1, further comprising a

blood sensor system configured to communicate with said electronic control system,

wherein said blood sensor system is configured to measure at least one property of

said patient’s blood in real time and provide sensor signals to said electronic control system,

and

wherein said electronic control system provides control signals to said automated
fluid mixer and dispenser such that at least one of mixing or dispensing by said automated
fluid mixer and dispenser is based at least partially on real-time information from said blood

sensor system.

10. A system for treating an acidotic patient according to claim 9, wherein said blood
sensor system comprises a pH sensor for real-time blood pH measurements and feedback

control of said automated fluid mixer and dispenser by said electronic control system.

11. A system for treating an acidotic patient according to claim 1, further comprising a
second intravenous line fluidly connected to said automated fluid mixer and dispenser, said

second intravenous line comprising a second intravenous connecter configured for injecting
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second intravenous fluid dispensed from said automated fluid mixer and dispenser

intravenously into a second position in said acidotic patient.

12. A system for treating an acidotic patient according to claim 11, wherein said first
mentioned intravenous fluid dispensed from said automated fluid mixer and dispenser is
substantially a same composition as said second intravenous fluid dispensed from said

automated fluid mixer and dispenser.

13. A system for treating an acidotic patient according to claim 11, wherein said first
mentioned intravenous fluid dispensed from said automated fluid mixer and dispenser has a
different composition from said second intravenous fluid dispensed from said automated

fluid mixer and dispenser, and

wherein said first-mentioned and said second intravenous fluids act together in said
acidotic patient’s body to adjust at least said pH condition of at least said portion of said
acidotic patient’s body while maintaining at least a near isotonic condition of said acidotic

patient’s blood.

14. A system for treating an acidotic patient according to any one of claims 1-13, wherein
said intravenous-fluid supply system comprises a plurality of precursor solutions that when

mixed by said automated fluid mixer and dispenser provides an intravenous solution to be

dispensed,

wherein said intravenous solution comprises sodium bicarbonate and at least one of
disodium carbonate, sodium hydroxide, and tris(hydroxymethyl)aminomethane dissolved in

an aqueous solution, and

wherein said intravenous solution has a pH of at least 10 and a total concentration of

osmolites within a near isotonic range.
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15. A system for treating an acidotic patient according to claim 14, wherein said aqueous

solution comprises disodium carbonate and sodium bicarbonate in a molar ratio of at least

2:1.

16. A system for treating an acidotic patient according to claim 15, wherein said
intravenous solution consists essentially of said disodium carbonate and sodium bicarbonate

dissolved in said aqueous solution.

17. An intravenous solution for treating acidosis, comprising: sodium bicarbonate; and at
least one of disodium carbonate, sodium hydroxide, and tris(hydroxymethyl)aminomethane

dissolved in an aqueous solution,

wherein said intravenous solution has a pH of at least 10 and a total concentration of

osmolites within a near isotonic range.

18.  An intravenous solution according to claim 17, wherein said aqueous solution

comprises disodium carbonate and sodium bicarbonate in a molar ratio of at least 2:1.

19.  An intravenous solution according to claim 18, wherein said intravenous solution

consists essentially of said disodium carbonate and sodium bicarbonate dissolved in said

aqueous solution.

20. A method of treating acidosis, comprising:
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providing an intravenous solution for treating acidosis; and
administering said intravenous solution intravenously to an acidotic patient,

wherein said intravenous solution has a pH of at least 10 and a total concentration of

osmolites within a near isotonic range.

21. A method of treating acidosis according to claim 20, wherein said intravenous
solution comprises sodium bicarbonate and at least one of disodium carbonate, sodium

hydroxide, and tristhydroxymethyl)aminomethane dissolved in an aqueous solution.

22, A method of treating acidosis according to claim 21, wherein said aqueous solution

comprises disodium carbonate and sodium bicarbonate in a molar ratio of at least 2:1.

23. A method of treating acidosis according to claim 22, wherein said intravenous

solution consists essentially of said disodium carbonate and sodium bicarbonate dissolved in

said aqueous solution.

24. A method of treating acidosis according to claim 20, further comprising selecting said
intravenous solution to have a composition based on at least one of a measured pH value, a

measured pCO2 value, and a measured bicarbonate anion concentration of said acidotic

patient.

25. A method of treating acidosis according to claim 20, further comprising:

measuring a pH of said acidotic patient; and
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at least one of selecting or mixing said intravenous solution to have a composition

based on said measuring said pH value of said acidotic patient.

26. A method of treating acidosis according to claim 20, further comprising repeating
said measuring and at least one of selecting or mixing a plurality of times to provide a real-

time adjusted method of treating acidosis.

27. An intravenous dispersion for treating acidosis, comprising:
a liquid; and
a plurality of particles dispersed in said liquid,

wherein each particle of said plurality of particles has a maximum outer dimension of
less than about 2 micrometers such that said particles can pass unhindered through capillary

blood vessels of an acidotic patient being treated,

wherein each of said plurality of particles comprises at least one of a shell and a
matrix material that dissolves at a predetermined rate within said acidotic patient's blood

stream, and

wherein each of said plurality of particles comprises a pH-influencing material that

mixes in said acidotic patient's blood stream at a controlled rate while said at least one of said

shell and said matrix material dissolves.

28.  Anintravenous dispersion for treating acidosis according to 27, wherein a rate of
dissolution of said pH-influencing material is controlled by at least one of a composition of
said at least one of said shell and said matrix material, a structure of said at least one of said

shell and said matrix material, a relative volume fraction of said pH-influencing material and
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said at least one of said shell and said matrix material, and an average size of said plurality of

particles.
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Measured Solution pH:
- 2-1
[HCO, ], + [CO3 ]0 =0.5
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Solution of Sodium Bicarbonate + Sodium Hydroxide

[HCO,], = 0.25 M
14 LA | LA L LR LL | LA NLILLLL] | LR LLL) | L "~"'&

13 |- i

12 | E
L 11~
10 | ]

9| ® 1
©

?? e @ © ©
8 5. T IR TTTT AR AW R T I i
10 0.0001 0.001 0.01 0.1 1

[OH ],

ERTIT|

FIG. 11

SUBSTITUTE SHEET (RULE 26)



WO 2014/028945 PCT/US2013/055629

12/59

Solution of Sodium Bicarbonate + Sodium Hydroxide

[HCO.] =0.25M
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in[31):- ka1 =4.3* 1077,
ka2 =4.8* 1011, 13/59
kw=1*10"14.
khyd = 1.7 *10%-3;
kH=223*10M :
Bicarb = {0.01, 01 0.25,05,1.0};
Hydroxy-{() 00001 000003 0.0001, 0.0003, 0.001,0.003, 0.01,0.03, 0.1, 0.3, 1.0} ;
Y0list

AppendTo [YOlist, Bicarb[ [i]]];
AppendTo [BOIist, Hydroxy[ [j111;
,{i, Length [Bicarb] }

,{, Length [Hydroxy) }

Do |
listh={};
listh=h/. NSolve|
Collect [Expand] (W2 + h* (y0 + b0) - kw) * (N2 / ka1 + h + ka2) - y0 * ("2 +2* ka2 * h) , h] , h]/
{kat™ 4.3*10M-7 ka2 4.8% 101 -1, kw> 1% 10 - 14,

yO=YO0list[[n]], b0 BOlist[ [n] ]}, h};

AppendTo [hlist, Part[Selectllisth, # > 0 &], 1] ];

AppendTo [phiist, -Log[10, Part[Selectflisth, #> 0 &], 1]]1;

, {n, Length[YOlist]}]

D
(/?\;[)pendTo [ylist, YOlist] [m] ]/ (1 + (hlist] [m] ]/ kat) + (ka2 / hlist[ [m] ]) )]
, {m, Length(YOlist] } )

D
(/)\;[)pendTo (zlist, ka2 * ylist] [m] ]/ hlist] (m] ]
, {m, Length [YOlist] } ]

D
CA)\;gpendTo [xhs {, hlist] [ m] ] * ylist{ [m] ]/ kat} ;
,{m, Length [YOlist] } ]

D
(Z\épendTo [Nalist, YOlist[ [m] } + BOlist{ [m]]];
,{m, Length[YOlist] } ]

Do|

FIG. 13A
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AppendTo [OHlist, kw / hiist [ [m]]1;

, {m, Length[YOlis{] } ]

Do

14/59

AppendTo [CO2list, Xlist] [m] /(1 + khyd)
,{m, Length[YOlist] } ]

Do

AppendTo [H2CO3list, xiist] [m]]- CO2list] [m]]];
,{m, Length[YOlist] } ]

Do|

AppendTo {pCO2list, kH * CO2list[ [m] 1]

,{m, Length[Y0list] } ]

in[60]- TableForm{Transpose {Y0list, BOlist, hiist, phlist,

OHilist, Nalist, zlist, ylist, xlist, H2CO3list, CO2iist, pCO2list} ]}

Out(60)/TableForm-
0.01  0.00001
0.01  0.00003
001  0.0001
0.01  0.0003
0.01  0.001
001  0.003
0.01 001
001 003
001 041

001 03

001 1.

01 0.00001
01 0.00003
01 0.0001
01 0.0003
01 0.001
01 0003
01 001

01 003

01 01

01 03
011

025  0.00001
025  0.00003
025  0.0001
025  0.0003
025  0.001
025 0.003
025 001
025 003
025 041

437681 x 109
3.9794 x 1 9
2.89105
142453 x
4.38193 x
11657 x 10
744609
4.97449
111083 %
344819
10101 x 1
452605
448256 x
43337 x 10°
3.93664 x
285187 x
139915 x
428418 x
112349
224145
49974 x 10"
111108
453628
451879
445809 x
4.28922
3.75067 x
261464
108223 x
349725
721242 x
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8.35884
8.40018
8.53804
8.84633
9.35833
9.93341
11.1281
12.3033
12.9544
13.4624
13.9956
8.34428
8.34847
8.36314
8.40487
8.54487
8.85414
9.36813
9.94043
11.6495
13.3013
13.9543
8.3433

8.34498
8.35085
8.36762
8.42589
8.58259
8.96568
9.45627

01419
FIG.

228477 x 106
251294 x 100
345895  10°
7.01985 x 108
0.000022821
0.0000857855
0.00134299
0.0201026
0.0900231
0.290007

744719 106
0.0000233417
0.0000890086
0.0044614
0.200104
0.900023
2.20445 x 10
2.21298 x 100
224312 x 100
233142 x 10
266619 x 10°
3.82462 x 10-
9.24019 x 100
0.0000285939
0,00013865

13B

PCT/US2013/055629
0.000107398  0.00
0000118104  0.00
0000162245  0.00
0.000324928  0.00
0.000986356  0.00
0.00291613  0.00
000865704 0.0
000989743  0.00
0.00997691 000
000999282 747
0.0099979 210
0.00103858  0.09
0.00104866  0.09
0.00108465  0.09
000119383 0.09
000164452 0.09
000330646 0.09
0.0100662 0.08
0.0299293 0.07
0.0055386 0.00
0.09989% 0.00
0.0999769 0.00
0.0025906 0.24
000260063 024
000263603 024
000273912 0.4
000313202 024
0.00448005  0.24
0.0105918 0.23
0.0301501 0.21
0.099865 0.15
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026 03
026 1.

0.5 0.00001
0.5 000003
05 00001
0.5  0.0003
05  0.001
05 0003
05 001
05 003
05 01

06 03
05 1.

1. 0.00001
1. 0.00003
1 0.0001
1. 0.0003
1 0.001

1 0.003
1 0.01

1 0.03

1 0.1

1 0.3

1 1

1.96014 x
1.33321 x

45397 x 10-
4.53004

Lo L dbdbdbovddovddaals i lio

O OO

15/59

12.7077
13.8751
8.34297
8.34381
8.34675
8.36514
8.38446
8.46685
8.71735
9.13642
9.71758
10.4938
136992
8.34281
8.34323
8.3447

8.34889
8.36358
840535
8.54547
8.85493
9.36913
9.95109
12.1562

in[61]- Export [“TomsEquationsHydroxyCarb1. XIs',

Out[61]- TomsEquationsHydroxyCarb1.xis

Transpose [ {YOlist, BOlist, hlist, phlist, OHlist, Nalist,

0.0610168

242358 X
2.92989
521617 x 10" $
00000136905
0.0000521886
0.000311751
0500208
220196 x

746021 x 106
0.0000233952
00000893484
001433

Zlist, ylist, xiist, H2CO3Yist, CO2list, pCO2list} ], “XLS']

FIG. 13C
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0.248983 0.00
0.249931 0.00
000517729 048
00051873 048
00052225 048
000532435  0.48
000569567  0.48
0.00688036  0.48
00121601 048
0.030782 0.46
0.100126 0.39
0.299703 0.20
0.499792 0.00
00103507 0.97
00103607  0.97
00103958  0.97
00104%7 097
00108574  0.97
00119513 0.97
00164677 0.97
0.033123 0.96
0.100869 0.89
0.300093 0.69
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kal=4.3*0MT: 18/59

ka2 =4.8* 10M1;

kw=1%104-14;

khyd = 1.7 *10A-3;

kH =223 10;

Cs={0.01,0.1,0.25,05, 0.75, 1.0},

Rs={0.001,0.01,0.1,0.25,05,0.75, 1.0, 1.5, 2, 5, 10, 100, 1000};

Clist={};

Rlist = {};

20list = { };

Zlist={},

yOlist = {};

yiist={}

Mist={};

Nalist = {};

OHlist = {};

H2C03list = {};
t={);
={

J

CO2list =
pCO2list
hlist = { };
phiist={};
Do[
AppendTo [Clist, Cs] [1T]);
AppendTo [RIist, Rs( [l
~ AppendTo [Z0list, Last[Clist]/ (Last[Rlist] + 1}] ;
AppendTo [Y0list, (Last[Rlist] *Last[Clist]) / (Last[Rlis{] +1]];
(i, Length]Cs} )
, Length[Rs})

Do
listh={};
listh =h /. NSolve]

Collect [Expand][- {h"2+2*ka2*h) y0+ 20} +

(21 kal +ht ka2) * ("2 + (220 + y0) *h - kw) , h), h] /. (ka1 4.3*10M7,
ka2 » 4.8"10011, kw »1¥10°-14, yO »YOlist . [ [n] ], z0 = ZO0lst. [ [n} ), h];

AppendTo [hlist, Part [Select(listh, # > 0 &], 1];
AppendTo [phlist, -Log [10, Part [Selectflisth, # > 0 &), 1]]];
{n, Length[Z0list] } ]

Do
AppendTo{ylist, (Z0list [ [m] J-YOlist [ [m] ]/ (1/ (hlist [ [m] ]/ ka1)+(ka2 / hlist [ [m] T]J
, [m, Length [Z0list])]

Do
App[endTo [2list, ka2'ylist[ [m] ] / hlist [[m) ) ]
, [m, Length(Z0list] ) )

Do
AppendTo (xlist, hlist [ [m] [*ylist] [m] ]/ ka];
, {m, Length {Z0list] } ]

Do| FIG. 14A

SUBSTITUTE SHEET (RULE 26)



WO 2014/028945 PCT/US2013/055629

AppendTo [Nalist, Y0ist [ [m] ] + 2°Z0lst(m);  19/99
,{m, Length[Z0list})]

Do|
AppendTo [OHlist, kw / list [[m] ]
,{m, Length Z0list] }]

Do|
AppendTo [CO2list, Xlist] [m]]/ (1 + khyd) ;
,{m, Length(Z0list] } ]

Do|
AppendTo [H2COlist, xlist] [m] }/ (1 + khyd) ;
,{m, Length[Z0list] } ]

Do
AppendTo [pCOlist, kKH*CO2list [[m]]);
,{m, Length{Z0list] } ]

TableForm[Transpose] (Clist, Rlist, ZOlist, YOlist, hiist, phlist, OHlist, Nalist, zist, ylist,
xlist, H2CO3list, CO2list, pCO2list) } ]

001 0.001 0.00999001 9.99001x 106 7.47585x10-12 111263  0.00133764
001 001  0.00990099 0.0000090099  7.74736x 1012 11.1108  0.00129076
001 0.1 0.00909091 0,00090901 10792 x10-11  10.9669  0.000926614
001 025 0.008 0.002 168165x10-11 107743 0.000594654
001 05 0.00666667 0.00333333 280613x10-11 105519 0.0003566362
001 075  0.00571429 0.00428571 30848 x10-11  10.3996  0.000250954
001 1. 0005 0.005 518336 % 10-11 102854 0.000192925
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