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THESIS ABSTRACT
Crystallization and dissolution studies of calcioralate monohydrate:raicrofluidic

approach

by MAGATA NKUBA

ThesisDirector:

Dr. George Kumi

Calcium oxalate monohydrate (COMhe most stable hydrate of calcium oxalate (CaOx)
at typical room temperatures and presswrasproduce undesirable effedtscertain
systemssuch as kidney stone disease in humans, deglesits in mechanical

equipment, and patinas on art monume@M dissolution has been considered as a
way to remove COM crystals such systemsHowever, there are only a few, if any,
effective solutions that can be used in the aforementioned sysdteths studya
microfluidic approach has been usedharacterizeéhe COM dissolutionabilities of

various dissolution agents in the pH range-8f Zhe dissolution agents consisted of
eight carboxylicacid compounds: acetic acid, formic acid, halic acid, succinic acid,
citric acid, hydroxydric acid, 1, 2, 3, £yclobutanetetracarboxylic acid @g@BUT), and
ethylenediaminetetraacetic acid (EDTA). COM crystals were synthesized and dissolved
using twodifferentmicrofluidic devices namely &-input, 3-output device and 1-input,
1-output deviceResults demonstrate that EDTA4GBUT, citrate, and hydroxycitrate
have arelativelystrong ability to dissolve COM crystalsthe pH rangeof 7 to 9. At

solutionpH values ofs and7, acetate, succinateDTA, H4«CBUT, and citratevere



significantlymoreeffective at COM crystal dissolutidghan the other solution examined
Succinate, malate, and acetate seemed to have no significant b@wefiall, he number

of carboxylicacidfunctioral groupsappeard to give an indication of which dissolution

agent would benosteffectiveatdissohing COM crystals As expected, water alone

exhibited relatively poor COM dissolot capabilities at pH valuggeater than 5.
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Chapter 1 Introduction

1.1 Calcium oxalate monohydrate (COM)

Calcium oxalate monohydrate (COM), the most stable hydrate of calcium oxalate
(CaOx) at typical room temperatures and pressures, is a sparinghessdlt inaqueous
solutions Its chemical formulas CaCGOa. Because of its low solubilityCOM, like the
other two known hydrates of CaOx, crystalizes spontaneously in various geochemical,
biological and industrial environments’ In some of these systems, its formation
produces undesirable effects, such as kidney stone disease in htthszade deposits in
mechanical equipmeritand patinas on art monumerft$ These effects can be costly to
remediate. For example, the cost of treating kidstegie disease can be high, depending
upon the procedure deemed necessary to remove the®®@® formation in industrial
equipment leads to scale formation in pipes that is difficult to remove and Isipaiiz
because it has deleterious effects which include reduced heat transfer in heat, system
loss of production capacity, unscheduled shutdowns for scale removal and increased

pumping costs®

With respect tdiuman healthcare, the pathological nature of COM has been
known for over 200 year8 As a result, there are numerous studies on controlling its
formation and understanding its propertiesese efforts have resultednmanyproposed
solutions including increasing intake of watérchange in diet*'? and drug therapy?
In industry, the deleterious effects of scale depmsitave motivated theearch for more

viable scale removal strategié$!®

Recently, several of these studies have focused on gaining a more microscopic

understandingf the biominerlézation process. In the headtlne field, these studies



includechelation therapy*-?* chemolysis therapy? and renacidin treatment$ while
for industrial applications such studiesvie focused on the dosage of specific antiscalants
or the use of polymeric scale inhibitot$ Thetopic of calcium oxalate crystal

dissolution continues to be a subject of investigatior 2426

1.2COM dissolution

The majority of COM studiem the literature have focused on crystal growth.
However, there have been a number of investigations on the dissolution oh@d©k
COM in particular. In fact, dissolution therapy has been considered as a way to remove
kidney stones in mammals, and an effective COM dissolution method for scale in
industrial equipment is also desired. For examptegrag the different treatments
proposed by scientists, dissolution therapy has emerged as one of the most effective
methods to treat uric acid stonés?’ This therapyhasalsobeen tested ithe study of
calcium phosphate stoné3struvitg 22 and cystinuria disease® Other findings show
that calcium ions, which are the metal ions in COM crystal structures, display a good
affinity for oxygen ligandg€ompared t@ther metals such as beryllium, magnesium, and
zinc. It has also been reported that Ca gpaseraladopt coadination numbers between
six to eight in crystal structure® Chelating therapy has been increasingly utilized in
various treatments, including iron chelating therapy to cure thalas$tanid metal

chelating tr eat!'M%andtathdrosaero?d&>z hei mer 0s

As recent studies show, there is giilbgress to be made in order to attain a level
of understanding that can prevent COM formatarticularly in complex environments
like the human urinary traéé3* Kidney stonalisease is on the ris® and the sooner

these advances are attained the better the options for treating this disease will Become



While dissolution therapy is a treatment routinely used to prevent or dissogased
urinary stones?*22 no such treatments exist for CaOx. In other words, the limited
dissolution agents currently known (includiBthylenediaminetetraacetic acdTA),

citric acid, wlyacrylic acid) are not viable candidates for such medical applicatfotis

Conjugate bases of neutral carboxylic acids (i.e., the fully or partially
deprotonated forms of these acids) contain one or mdb@xdate ions, and these
carboxylateion-bearing species are known to be effective calcium chelators. In other
words, they have the capability to dissolve COM cryst&lg®3° Carboxylic acids are
generally known as weak acids. In aqueous solutions, they can form carboxylate ions as a
result of proton transfers. Among tbarboxylic acids investigated, EDTi& known to
bind C&* in a manner that forms a complex, thereby reduttiedgifree C&'0 i n s ol ut i c
EDTA is an anino carboxylic aciqFigure J, and it binds tightly to metal cations (e.g.,

Ca&*, Fe*, Cu*) using four carbxylate ions and two amine groups 36 4642

Figure 1. Structure of EDTA: hexadentate liga(ticarboxylic groups and 2 nitrogen atoms)

There are other carboxylic acid agecapable of dissolving COM crystaisicluding
biomolecules containing aspartic or glutamic acitig?osteopontin®* protein
transferrin > and polycarboxylic organic acid®: 43 480 A few comparisons of the
dissolving abilities of these agents have been repdfteé® 4’Chutipongtanate et al.

report tha citrate had a greater impact on COM dissolution (by reducing crystal size,



number, and totadrystal mass b$7%, 53% and 72% respectively when contrasted to

blank and negative controls) than phosph#te.

1.3 COM structure and propirs

CaOxcrystalsare mostly observed in plant tissues, microorganisms, urinary stones,
and sediments. Depending on the hydration state, calcium oxalate crystals exist naturally
in three polymorphic forms: CaOastH20, called calcium oxalate monohydrate
(whewellite); Ca@Oa4-(2+x)H20 withx < 0.5, called calcium oxalate dihydrate
(weddellite); and CafOa-(xH20) with 3 >x> 2.5, known as calcium oxalate trihydrate

(caoxite) >t

Monoclinic prismatic .
. . Penetration twin

Contact twin

Figure 2. Examples of COM crystal habits

COM is the most predominant Ca@tm. Thermodynamically, it is the most stable,
with a solubility product of 1.66 x10at 2%C at an ionic strength of 0.15.8F It can
have a prismatic habit as a single crystal. However, the most common form involves
twinning, which frequently occursn the p00) face >3 COM is found as penetration
twins (interpenetration of single crystals) or contact twins (the planes have a defined

composition), as shown kigure 2

Three crystalline structures for COM have been reported. However, COM is typically
found as monoclini®2i/c crystal. One reported polymorphds elementargtructure
stableover 45°C that is a monoclinic crystal; it belongs to space ge@up with n

defining a diagonal glide? refers to one lattice point per unit or primitive unit cell, the



number2 implies a twefold screw axis along theaxis, and2: represents a rotation of
180° followed by a translation along the screw axis. Each unit cell possesses eight
formula units. Its lattice parameters are 9.978v,b=7.295v,c=6.292v, and b
=107.07°5%%4 Below 45°C is a derivative structure wilr 9.9763v, b =14.5884v and
€=6.29134v, b= 107.05°. The arrangement of oxalate ions in the plane (010) increases
the unit cell dimensions and cassthe symmetry to become infmase grougr2u/c.

Here P refers to one lattice point per unit or primitive unit cell, the nunZreeans a
two-fold screw axis alond, 21 meansa rotation of 180° followed by a translation along
the screw axis andrefers to the operation of a glide plane along exihich includes a
reflection in the planea( ¢ accompanied by a translation along ¢texis. >3 Between
118C and 130°C the third crystalliséructureappearscalledthe new COM phase. This
new COM phase pertains to the orthorhombicesysand belongs to space grauapnm

Its lattice parameters ar@= 12.088v, b=10.112v , c = 14.634v (see appendix}?

@ @ cCalcium
A\
; a" © Oxygen
3.3896" 3.3896
. Carbon
24313 24313
1.2864" 17 2864
1.2864, . 1.2864 c
24313 24313 .
& 3.3896 3.3896 ®

Figure 3. Calcium oxalate bonds in COM crystal: chelate bécalciumoxygenbondg and covalenbond

(carboncarbonandcarbonoxygenbondy. Bond lengths are given lngstrom (A). 55



Growth conditions (for example, ionic strength, pH, temperature, and local
environment) affect the structure and size of COM crystaEhe characterization of the
geometry of COM crystals indicates that the oxalate molecules are planar, as indicated in
Figure3. The carborcarbon bond of the oxalate ions is not directly linked to thé Ca
ions. Thelatter occupy two different &t within the COM crystal. The bond between the
C&* (1) andeach ofthe two oxy@rs of the oxalate ion ia chelate bondopnd length:
2.3896A). The C&*(Il) interacts only with one oxygeof a specific oxalate ioff.his
Ca* (ll) interactionleads to a bond measumpapproximately 2.4314 (Figure 3) The
third and generally weak type of interaction existing in COM crystals is hydrogen
bonding. These bonds form between one or two hydration waters and the oxygen of an

oxalate ion(0x%).

1.4 Research objective

The dissolution process of COM crystals is poorly understboere is als@ lack of
viable COM dissolution mixtures for medicahd industrial applications. There does not
appear to be any work characterizing the relationship between the dissolution capabilities
of a mixture and the specific type (mono, di, tri, tetrapraticls) or form (fully or
partially ionized) of the carboxylic acid dissolution agent present in the mixture. In fact,
even the few studies comparing the dissolution capabilities of some carboxylate acids
either do not account for the effects of solutibh?b 23 5’or only undertake this
comparison in a narrow solution pH rangfe3637. 4748 Most of thesestudies use mixtures
that are complex (have more than one possible dissolution atfet¥yVhile direct
comparisons about such solutions can be made, it is impossible to (1) identify the primary

agent esponsible for the enhanced CQldsolution abilities or (2) extract mechanistic



details about the dissolution proceske numberof carboxylate ion (COQ groups
present in a system depends upon the specific acid and on the solution pH. Because the
oxalate ion (OX) is a deprotonatefibrm of oxalic acid, the form of Gxin solution also

depends on pHIhus, pH does play a role in the COM dissolution process.

Currently, it is also not clear whether a known carboxylic acid growth inhibitor for
COM can also favor the dissolution of COR Indeed, vinether a specific growth
inhibitor will exhibit dissolution capabilities in any chemical environment depends upon
the mechanistic details of crystal growth inhibition versystal dissolution®® Calcite
dissolution studies show that there can be distinct kinetic and mechanistic differences
between growth and dissolutio?t In fact, there are tications that a COMrowth

inhibitor may suppress the dissolution of some specific crystal pl&nes

The work preseted here focuses on furthering the current understanding of COM
dissolution by characterizing the relationship between the dissolution abilities of various
carboxylic acids and the acid type. Specifically, to establish the correlation, if any,
between disolution ability and acid type (mono, di, tri, or tetra protic), this study
determinegshe COMdissolution abilities of eight carboxylic acid types in a pH range of

3-9. Some of the key question$this studyinclude

(a) Is therea correlation between pH valuesagolution of specificarboxylic
acidandits capability to dissolv&€OM crystal®

(b) If this correlationexists by usinga specificcarboxylic acidor combination of
carboxylic groupsatwhich pH value othe solutioris its capacity for

dissolvingCOM crystalsmore effective?



(c) Does the capability oflissolvingCOM crystals depend dhe number of
carboxylic groupgpresenin thedissolution agentr does the efficiency of the
dissolution agenteely on the ionized carboxylic acid form (fully partially
ionized?

(d) How canthe capability ofthedissolutionagent be tnedby modifying thepH

valuesof amedium if wekeep the concentration tife solutionconstarf®

1.5Thesis outline

The current statef understanding and advances with respect to COM dissolution
were presented in Chapter 1, as were the questimhebjectives guiding this study.
Chapter 2 details the experimental methods and protocols applied to explore the
dissolution of COM crystal€Chapter 3 describes and discusses the experimental results
achieved in this investigation, and Chapter 4 offers a summary of the research and

directions for future investigation.



Chapter 2 Experimental Methods and Procedures
2.1 Materials

All the mateials used in thistudy were purchased from Sigma Aldrich, Alfa
Aesar, and Fischer Scientific. All reagentsre used as purchased. Tableelow reports

the product name, formula, purchasing source and p@titgqueous solutions utilized

inthisresesach wer e prepared with deionized
Name of product Formula Source Purity
Calcium oxalate monohydrate CaGO04.H0O Alfa Aesar 99 %
Potassium oxalate monohydrate | K2C;04.H,O SigmaAldrich 99.5101.0 %
Calcium chloride CaCb SigmaAldrich O 93.0
1,2,3,4Cyclobutanetetracarboxylic | H4C4(COH)4 TCIl-America >98.0 %
acid
Potassium hydroxycitrate tribasic | HsK3CsOs.H20O Sigma 95.0105.0 %
monohydrate
DL-Malic acid disodium salt H4N&C40s Aldrich O 95 %
Sodium formate HNaCQ Aldrich 99.998 %
Sodium acetate trihydrate NaCHCO,.3H,0 Fischer Scientific | 99.0101.0 %
Sodium citrate dihydrate HsNasCs07.2H20 Fischer Scientific | 99.0101.0 %
Succinic acid disodium salt HaNaxC404 Aldrich 99.0 %
Sodium hydroxide NaOH FischerScientific | 98 %
Hydrochloric acid HCI SigmaAldrich 37 %HCl in
H-O
Ethanol HeC20 SigmaAldrich 99.5 %
Ethylenediaminetetraacetic acid H14NaC1008N2.2H,O | Fischer Scientific | 99.0101.0 %
(EDTA)

Table 1. List of chemicalausedfor this study

wat el
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2.2 Microscopy

Two different optical microscopes were used in thislg to perform the COM
crystallization and dissolution processEsst, a Bausch & Lomb optical microscope
(Stereo Zoom ¥was utilized to observe the formation of C@kstals withinthe
microfluidic crystallizationdevice that is, to monitor the evolution of the crystallization
process inside the microfluidic device. This stereomicroscope was equipped with a
camera (Motican®.0 MP) to facilitate the observation of COM crystals and the
collection of optical images. SecqrahOlympus(BX41) Optical equipped with a 30
objectivewas used to monitor the process of dissolutiorawwamerattached to Horiba

RamanMicroscope However, Raman microscopy was ngied for this study.

2.3 Microfluidic devicefabrication

2.3.1 Crystallization device fabrication

Devices were made usimagpreviously described protocSlthat will be briefly
described herdJV photolithography and soft lithography techniques were tsedeate
microfluidic devices needer this study one for crystallization and another for
dissolution of COM crystals. To form tleeystallizationmicrofluidic devce with soft
lithography an acrylate master microstructure was neceskaygrs of scotch tape were
used as spaceos a fluorocarborfunctionalizedslide (toachievethedesired film
heigh). Then, approximately 3 to 5 dropsaphotoresist were plad on the surface of
theslide. An acrylatefunctionalized slide was plad on the top of the fluorocarbon
functionalized slideand aranspaency mask was used to create the desired exptisure
UV light (Black-Ray B-100A, UVP) forabout3 minutegFigure 4. Following this

exposure, the two slides weseparate@nd acetone was used to remtweresidual
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resin that was not exposéeldvo successive acetone bathsnfinute eachwere used for

this removal®3

To finalize the creation of the device, the slide containing the master structure was
put on a piece of aluminum foil and thétéat wasfolded intothe form ofanopen box
The PDMS prepolymer mixturewas poureanto the master structurdhe assembly
(i,e., the PDMS prgolymer mixture, the master structure, and the fod$ heated for 5
hoursat 75°C to cros$ink the polydimethylsiloxaneRDMS). Next, the PDMS3nold was
separated r om t he sl i de, t pes, amcik tbilésswereldog es wer e

(Harris Unicore, 1.20 mm) to fit ti@plastic tubes (3nput, 3-output tubes)

Acrylated slide

L
< Mask

e w

Fluorocarbon slide Resin Tape

Figure 4. The UV photdithography procest obtain a master structure; all slides were exposed to UV
radiation through a masf
Then, one flat piece of cured PDMS and the PDMS mold were put together. The flat
pieceof cured PDMS was obtained by following the same procedure used to fabricate the
PDMS mold except no master structure was on the slide put in the aluminum foil.
Instead a fluorocarbosfunctionalized slide was placed into thieminum foil. Oxygen
plasmacleaningPDCG-32G Harrick Plasmawas conducte¢~30 sec, ~600 mTorr 4pto

immediately bind the two PDMS pieces (the mold and flat portion). After fhieses
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were pressed together, plastic tubes were then connected into theotgseaf the

device

2.3.2 Dissolution device fabrication

To make the dissolution device, several layers of glass were cut from a
microscope slide (6 glass squaoéd.5 x 0.5 cm each§® Three layers of smalllgss
squares werplaced at eachxéremity of asilicon slide(Figure 5 a and b)r'hen the
entire assembly was punto analuminum foilbox, whichwasthen filled withPDMS
pre-polymer solutionThis assemblyvaslater heatedor approximately 30 minutes.
Subsequently, #@PDMS mold was pulledpart from the microscope slidslext, two
holes were bored into the mold to fit two tubes (Harris Unicore, 1.2]) o served as
theway inandthe otherstheway out through the microfluidic dissolution devi€ar
ead experiment, glasscoverslip was usetb cover the upper side of the microfluidic
dissolution device. It wagtached with scotch tape to the PDMS to asmtiition

leakage

a

_ 3 Layers of glass
Glass microscope slide
N

———_ Silicon slide

s < 3 Layers of glass

Silicon slide

Figure 5. a) A schematic of microfluidic dissolution device fabrication. b) Master structure of microfluidic

dissolution device. c) An optical imagéthe microfluidic dissolution device?®
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The COMcrystals used to explore the CGdssolution process were created

using a microfluidic crystallizain device As per a developed protogét the

microfluidic crystallization devicéFigure 6 awasplaced into an ethanol bath, and this

bath was then placed into a desiccator, which was evacuated for 30 minutes to remove or

reduce the amount of air inside the porous PDMS device. After 30 minutes, the device

was placed onto the stereomicroscope toifataél monitoring of the crystallization

process.

C Side stream in put

.

\

Side stream out put
/ 5
Main channel

.

—

Middle stream in  /

put 4//

Side stream 1n put

-«

Yddle stream out put

e
Side stream out put

Figure 6. a) Microfluidic device3-input, 3-output for COM crystallization, b) Nerofluidic device

1-input, Loutput fa COM crystals dissolution, c)cBematicof microfluidic device for crystallization (3

input, 3output microfluidic device).

The input side of the device, consisting of 3 inputs, was used to load solutions into the

device, while the output side was used to remove wastedledt the crystalgFigure 6

c). All output tubes were placed into separate solutions, namely deionized water

(contained in beakers). The middle stream output beaker contasopeisaturated
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solution of COMto prevent the COM crystals from dissolving in the collection solution
after they formed in the device. The two side stream outputs were collected in separate
beakers simply for convenience. To furthezgmare the device to produce CQ¥€stals,
ethanol vas passed (~10 min, 100 pL/mpitrough the deviceo remove any air bubbles
inside the tubes and the microfluidic devid¢éater waghanused to flush out the ethanol.
Dyes were injected after the water to visualize the flow profile of the liquids itlede
microfluidic device Figure 8a). Then, another water flush was used to remove the dye
solutions from the device. Removal of the dye was followed by the pumping of 120 mM
of potassium oxalate monohydratex(¢04.H20) and 120 mM of calcium chloride

(Cady) into the microfluidic device from the two different side stream inputs while
simultaneously pumping water through the&ldle stream inputHigure 6¢c andFigure 7.

In this configuration, the middle stream is where the COM crystals form.

Figure 7. Photoimage ofCOM crystallization setip.

Upon introduction of the salt solutions, a line of crystals appeared mititde of the
device(Figure 8b). The appearance of this line depended upon the time taken for the salt

solutions to travel from their respective syringes to the device channel (via the input
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tubes). After 20 minutes of crystallization (i.e., 20 minutes after the crystal line was
deteced), the middle stream output collection beaker containing a glass slide was
substituted with a new beaker containing a new collection slide immersed in a
supersatuated COMsolution to avoid the disédion of COM crystals leaving the
device Thecollection of the sample took another 20 minutes before the end of the

process of crystallizatioi\ll collection slides containing COM crystals were removed

a b Line of crystals

Figure 8. Opticalimage of liquid profile (a) and line of COM crystals).(

from their beakers and dried at room temperature immediately after the beaker was
separated from the output tubing. At the end of each crystallization experiment, 1 M HCI
wasinjected through the device to dissolve any residual COM crystals and prepare the
microfluidic device for the next experiment. Water was then flushed through the device.
To beconsistent with the size of the COM crystals produced, the same device was
utilized. The size of CaOx crystals varied from one slide to another depending on the

quantity deposited on a specific area of slide after 20 minutes.
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Figure 9. Optical imags of different COM crystal shapes: (ayskaped, (b)sshaped and agglomerate

crystals and(c) dendrite The scale bars shovare 4 um. Crystals shown ranfyem 4 to 20um.
2.5COM dissolution

COM crystal dissolutiontadies were undertaken imacrofluidic dissolutiondevice
(Figure 6b). ThisPDMSdevice was a-Inputl-output deviceKigure 5¢c and Figure 6
b). Sections (~& mnY) of the dried collection slide(i.e., containing COMrystals)
were placed into the dissolution device and irrigated with specific solutions during these
studiesAs COM crystad had different sizeshe stereomicroscope equipped with a
camera (Moticam 5.0 MP) was used to facilitate the identification @ledt®on of COM
crystals (xshapedlused fo experiments. @ly COM crystalswvith approximately similar
sizes (around 4 tB0um) were selected for this studpoublesided tape was used to
mount this glass inside the dissolution devieer each experimental trial of a particular
carboxylic acid, a 5 mM solution with a known pH was passed (200 pL/min) through the
device via syringes and syringe pumps (New Era,1RE0 or Kent Scientific Genie
Plus). Both were set at the same rate (i@0, |2./min). HCI (~0.1M) and NaOH
(~0.01M) stock solutions were prepared and used to fix the pH of any carboxylate acid
solution at a specific pH. The volumes of HCI| and Ma@ed were smal+-Q.1 ml)
compared to the amount of acid solutions prepared (rilpa@nd did not change the

formal concentration ahecarboxylicacid solutionsThe entire process of dissolution
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(Figure 10 for each particular carboxylic acid solution was visualized using a camera
that recorded images every two minutes. Each expatahiial was conducted at least
three times. The end of experim@aturred when th€EOM crystal or group of COM
crystalsweretotally dissolvedas determined from the optical image of the camera. Any
crystal that Awashed awayo during the

images were collected using a 50X objec{section 2.2).

b)  COMecrystals Microscope

, Cover slide
Inlet syringe Outlet syringe
Input pump Dissolution device Output pump

Figure 10. Dissolution process. &ptical image of dissolution experimental sethpSchematiof COM

crystal dissolution process.

di s s
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Chapter 3 Results and discussions

3.1 Introduction

In this study, a microfluidic device approach was used to characterize the COM
dissolving capabilities of various solutions containing carboxylic acids as dissolution
agents or solution additives. For any carboxgbad, the specific chemical form or
species of the acid that exists in an aqueous solution depends upon the solution pH
Therefore, the COM dissolution abiljitgf the eight dissolutioagentsused inthis work

(Figure 11), was quantified at various solution pH values.

0
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) _0/\\ ~
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malate
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swccmate
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hydroxycitrate

cilrate
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0 e S 'n__N,.-’ RN )
. \L - ~ //0
o [
(8]
O

EDTA fully de ated
Uiy deprotenates 1.2.3 4-cyclobutanetetracarboxylate

ion (CBUT)

Figure 11. Structural illustratiorof the fully deprotonated aniondtssolution agents used in this study.

The speciation reactions and dissolution constants feethgents are listed in Table 2.
COM crystalswere synthesized ia crystallization microfluidic device, while the

dissolution experiments were conducted dissolution microfluidic device. Optical
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images of the dissolutigorocess were captured at tnwvonute intervals using a camera
attached to a stereomicroscopecept forl,2,3,4cyclobutanetetracarboxylic acid

(H4CBUT), all the dissolution agents usedtliis research are sodium salts.

Equation Compound pKa
C:Hi0, 2 CoH307 + HY acetate 4.75
CH,O,z CHOy + H* formate 3.75
CsHeOs2 C4Hs0s + H* malate 3.40
CsHsOs 2 C4H4Os% + H* malate 5.11
CsHsOsz CiHsO4 + HY succinate 4.21
C4HsOg4 2 C4Hs04% + H* succinate 5.64
CeHgO72 CgH/O7 + H* citrate 3.13
CeH/O7 2 CeHsO7* + H* citrate 4.76
CeHeO7> 2 CeHsO7> + H* citrate 6.40
CeHgOgz CgH;Og + H* hydroxycitrate 2.90
CsH:Og 2 CgHeOg? + H* hydroxycitrate 4.29
CoHsOs> 2  CgHsOg> + H* hydroxycitrate 5.11
HsY z HaY + H EDTA (HsY) 2.00
HaY 2 HoYZ + H* EDTA (HaY) 2.70
HoYZ 2z HiY3 + H EDTA (HsY) 6.20
HiY3z Y%+ H EDTA (HaY) 10.30
H,CBUT z Hs:CBUT + H* H,CBUT Not known
HsCBUT z H.CBUT? + H* H,CBUT Not known
H.CBUT> z H;CBUT®* + H* H.CBUT Not known
Hi.CBUT®*z CBUT*+ H* H,CBUT Not known

Table 2. Speciation Reactions and dissociation constants for the polyprotic #4t¢% Not known
signifies data that is natccessible in the published writing$,Y represents EDTAnd Y*-, the

completelydeprotonated anion of EDTA
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For all dissolution experiments, the flow rate of the dissolution solution was 200
puL/min, and tle dissolution agent concentration for each solution was 5 mM,; this
concentration was selected based on previous $tibgt demonstrated that certain
carboxylic acid solutions with this concentration dissolsetll 10 um) COM crystals
within a period of approximately 60 mifhe dissolution times reported in this work are
an average dhree replicate dissolution experiments. Also, the experimental conditions
were similar for all experiments. For example,re@l was performed at room

temperature with roortemperature solutions.

3.2 COM dissolution in water

3.2.1 Dissolution mechanism of solids

The dissolution behavior of solidsgenerally characterized by three different
terms: (1) transportontrolled (2) interfacecontrolled, and (3) mixed#inetic-controlled.
These terms refer to three distinct mechanisms, and each of these mechanisms is based on
two processes: an interfacial step and a mass transport step. The interfacial step is defined
by the solvéion of solid state of molecules, while the transport step determines the
transport of dissolved molecules into the bulk of soluttéi¥°A minimum ofthree
scenarios exists. therate of the interfacial step is smaller than the rate of the transport
step, the solution concentration near the surface of solid is less than its maximum
solubility in that solution. The rate of the overall process is lunitg this interfacial
step, and the dissolution mechanism is said to be intecfawteolled. Converselyf the
interfacial processccursmuch faster than the transport of dissolved molecules into the
bulk of solution, then mass transportlig ratedetermining stepf the process* 48

Transportcontrolled is the term used to describe such processes. If both, interfacial and
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transport stephave similar rateghen neither interfacial step nor transport stepes
ratelimiting step of the process; the term mixieidetic-controlled is used to describe

such processe¥’

3.2.1.1 Transportontrolled dissolution

Noyes et al. investigated the phenomena of transjoortrolled dissolution
mechanisn{Figure 12) "* They concluded that the dissolution rata fanctionof the
difference between the solubility of a solid and its bulk concentration in solution. They
represented the @ion between the dissolution rate and this difference by the

expression,
dM / dt = k(G=Cp) (3-1)

where, d / dtdefines the rate ajuantity of particles dissolvinger unit time. € Cp, k
represents theolubility, the bulk concentration, and the dissolution rate constant,
respectively. This theory was unsuccessful, as it could not explain the relation between
the rate constant anmchnsport properties of the solutéTo give a physical significance

to the above expression, Nerfdand Brunner suggested a correction. They suggested
that the solute diffuses from the solid surface to the bulk solution through a stagnant layer
forming a linear concentration profil&: 747> This correction simplified the meaning of

rate constant by combining the hydrodynamic complexities into the diffusion layer. The

rate constant k becomes
k=AD/h -2]3

where A, D, and h define the solid surface area, diffusion coefficient, and diffusion layer

thicknessrespectively. Unfortunatejyhe introduction of a stagnant layer did not pérmi



22

theoretical calculation to proceed without knowing the value of the thickness of the

diffusion layer. This value must be obtained from dissolution rate data.

C b

Figure 12. Nernst diffusionlayer model for dissolution from planar surface, Cs = solubility, Cb = bulk

solution concentration, and h= diffusion layer thicknéss
3.2.1.2 Mixedkinetic-controlled dissolution
When bothinterfacialstepand transport step ratare similar, the rate of
dissolution is calculated from the mass transport propemidgphysicochemical
parameters associated with the kinetic processes of solubility and deposition. Rickard et
al. reported a general accepted model for mixieétic-controlled dissolution. They

proposed equations for both steps separately. The interfacial reaction rate is given by
Jc = Ke (CsCo)" (3-3)

where,Co, kkaret he concentration adjacent to the

constanb r e s p. Amdthe tvapspoyt reaction rate is expressed by,
Jr = Kkt (Co-Cb) (3-4)
where krdefinesthe transport rate constant.

At steadystate, Jc is equal te dnd considering n=1, the dissolution ré&tes represented

by
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J=Jc=X=[Jc It/ (Jc+ J)] (CsCbh) (3-5)

3.2.2 CaOx chemical equilibrium and dissolution

Regardless of the specific mechanism, the solubility of a solid in a solution plays
a role in the dissolution process. In transfpamtrolled and mixedkinetic-controlled
processes, this role is a particularly important one. COM dissolution has been reported to
occur by a transpoxtontrolled mechanism in certain initial calcium and oxalate ion
concentration range& Thus, understanding the solubility of CaOx in a specific solvent

IS constructive when examining dissolution kinetics.

3.2.2.1 CaO»precipitation

The equilbrium equation of CaOx describbg the following Equation
CaOx(s)z Ca&*+ Ox* (3-6)

characterizes the presence of Gand OX ions in solution. In agreement with general
definition, theKsp for CaOx is defined as the produdtthe C&* activity, acs*, and the

Ox? activity, aox’". Thereforeijt is represented by
Ksp = ac*t ao = ocdt [C&2+] to OXZ'[OXZ'] (3-7)

where,gc#* andgox’ represent the activity coefficients of the calcium and oxalate ion,
respectively. The square brackets define the amounts (i.e., dimensionless value) of the
concentration (molar concentration values only) of*@ad OX species in moles/L. If

the activiy coefficients associated withgHation (37) areneglected or are assumed to be

eqgual to one, guation(3-7) can be rewritten as

Ksp = [C&*]t{[Ox?] (3-8)
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This assumptin istrue only in solutions of low ionic strength.

In thermodynamics, thealue ofGibbs free energydG) indicates if the chemical
reaction is spontaneous, not spontaneausat equilibriumWith DG < 0, thechemical
reaction is faveed toproceedspontaneouslgt constanpressure and temperature. In
generalDG does not indicate the kinetics of the process, i.e., how quickly the reaction
will proceed. However, whebBG = 0,it is an indication that theeactionhas reached
chemical equilibriumFurthermore, the reaction cannot proceed without theggndihe
relationship that exists betweenDGY)bbs fre

and the reaction quotient, Q, via the whallown expression

[G = [0G° +RTINQ (3-9)

whereR andT are respectively defined as ideal gas constant in units of-Kraod
temperature in KelvimQ is the reaction quotient at amyoment in time. Considering a

stoichiometrially balanced equation witlour species A, B, C, and D:

wWA+xB z yC +zD (3-10)

The reaction quotierior this system at anpoment in time is equabt

C

(3-11)

where, w, X, y, and z are the values of stoichiometric coefficients in the chemical

equation. As mentioned above, the driving force responsible for a chemical reaction is
zero (&G = 0) when the process attatns equ
Q evaluated agquilibriumis exactly equal to the equilibrium constaft The reaction

guotient is usually described by the following expression:
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As mentioned above, veimDG = 0,Q = K, and this leadthe &G relation
0 = &GA+HR&EP NiQTINQq= i RTINK (3-13
When Ejuation(3-13) is substituted ito Equation(3-9), one obtais
&G = RTIN(Q/K) (3-14)

The Eyuation(3-13) enables the determination of thguilibrium constant from the

standarektate free mergy of reaction, or vice versa

For CaOx, the free energy relationship beesm

o224 (3-15)

In this equation, [CH] and [OX] are the values of the calcium and oxalate ion molar

concentration at sonspecified time. Theupersatuation ratio Ss expressed as
$=Q/Ksp (3-16)

The magnitude of S depends on the Q/Ksp ratio. As a result, whdn iSimplies that
Q/Ksp > 1 and thuBG >0. In this situation, the process proceeds to produce more
CaOxg) rather than generating or dissolving more calcium and oxalate ions. The
precipitation of these species to form CaOx solid is the thermodynanfeatised
reaction in this cas Solutions with S > 1 amupersaturated.herefore, the
determination of S allowthe evaluation of whether or not favorable conditions for

precipitation have been reached
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3.2.2.2CaOxdissolution in watef theoretical considerations

While CaOx dissolution is of importance to processes aimed at removing COM
crystals, there appear to be a relatively small number of studies associated with the effect
of pH on the solubility of COM, evein pure water which is a relatively simple solvent
system.The study made bylcComaset al. related to CaOx solubility in pure water
conclucedthat fiastheequilibrium between CaOand its saturated solutionrisached
relatively quickly anyerrorsoccurringin the CaOxsolubility determinationare
probablydue to he CaOx. ’® They proposethe following Equation of solubilityof

calcium oxaate in any solutiof°

60 Y “ee—— (3-17)

where [G¥"] defines theconcentration of Cd and (H) is the activityof H*. T represents
thetotal concentration of oxalatéor example, the sum of [G% meaning concentration
of C204> and [HOX] representing the concentration of ¥z). Sj and Kej definedasthe
solubility product of calcium oxalate and the second ionization constant of oxalic acid

respectively. Kj is represented by the expression

— (3-18)

Whencalcium or oxalate species aret in exces thesolution, the solubility is
expressdby

L=[Ca®]=T (3-19)

where L defines the solubility of calcium oxalatenoles per liter. The combinatiori o

(3-17), (318), and (319) yield
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Knowing the values of {5(H*), and kj, enableghe predicion ofthe solubility of CaOx
in any givensolution In dl water, the solubility of CaOrises notably when the pH of
solution is less than or equd 4 and decreases from pH =5 to pH =IiWas observed
that dl water dichot have notable impact on COdwystaldissolutionabovepH=4. 33 In
the low pH region, the existence of [Exs almog zero. ThusCaOx dissolution
capadiy increases imnextremely acidic medium ansl reduced in &ighly basic

solution.

3.3 COM dissolution results

3.3.1 COM dissolution in dI water

The dissolution of COM crystals in this study was evaluatechdyitoring the
spatial changenisize of COM crystals within approximately one hour by imagssted
microscopic proces# graphof the COM dissolutionimes for dl water at varioysH
values is shown in Figure 1B shows the ability of water to dissolve COM crystals
increases as ¢hpH decreases. At pH valuafst or more, very little dissolution was
observed during théissolution monitoring time (7&hinutes).The experimental results
reported in this study confirm previous results published on COM crystal dissolution in
dl water;specifically, after pH=%here is a significant increase in COM dissolution time
33,79,8182 |n general, previous studies and the present research show that dI water is

ineffective as solution for dissolvig COM crystals at pH values of 6 or more.
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Dissolving time of COM (min)
$

D -

5 6
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Figure 13. COM dissolution times in water as a function of solution AHoH=6, there was nagignificant

COM dissolution. Therefore, the time shown at pH=6 is the time the experiment was stopped.

Figure 14.Images of crystals being irrigated with water solutions that have specific solution pH values.

All scale bars are 10 um

3.32 COM dissolution irsodium acetate trihydrate and sodium formate solutions

At pH=3, the acetate and formate solutions explaredable to disseé COM
salts better thaat pH=5(Figure 15) This increase in dissolution time confirms the
conclusion reported by Verplaeste et al. related to the impact of chelating agents on
dissolution of COM crystals with decreasing [§Hlt is observed that dl water, acetate,
and formate solutions all had less ability to dissolve COM salts as the solution pH was
raised. However, at pH=7, the acetate cuexersed this tendency, showing a decrease
in the time needed to dissolve COM crystals. By contrast, while the acetate solution
needed less time to dissolve the COM crystalsformatesolutionrequired almost

double the time to dissolve COM crystalgpbt=7 compared to pH=5. This formate
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species trend corroborated the result reported by McComas about the effect of pH on the
solubility of calcium oxalate®® Theyfound that when the value of pH increases, the
COM dissolution capability of the formate ligand decreaghs.reason for the decrease

in the dissolution between pH values of 5 and 7 is currently unclear.

a] Acetate b) Formmate
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Figure 15. COM dissolution times as a function of solution pH using sodium adetagdrate and sodium
formate.The error bashows the range between the reported value and the true values obtained in this
study Each experiment was repeatbdee times.

At apH solution pH of 9, acetate showed an increase in time needed for
dissolution, while formate exhibiteaisimilar time needed for dissolutioompared to
when pH=7The images o€OM ciystal dissolutiorat pH=3 and pH=@re shown in
Figurel6. Similar dissolutionimagesat pH=5 and pH= 7 are reported in FigB27 (see

Appendiy.
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A Acetate pH=3

--

B. Formate pH=3

C. Acetate pH=9

; --
D. Eormate pH=9
; ---

Figure 16. Images of crystals being irrigated twisolutions osodium acetate trihydrafd, C) and

sodium formatgB, D) that have specifisolution pH values. All scale bars are 10.um

3.33 COM dissolution irsuccinate disodium andalate disodium solutions
At pH= 3, succinatéisodiumand malatelisodium solution$iad better ability to
dissolve COM crystalthan when the pH value was Whereasnalate decreased its

efficiency in dissolving COM crystals when pH was incredsech 5to 7, succinate by
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contrast showed a decrease in dissolution ability when the solution pH was raised from 5

to7.

Y

o

Malate

Succinate
I/{-\/ ’

20
T T T T
3 5 1 9

pH pH

Dissolvingtime of COM (min)
3 4] w = o
Dissolving time of COM (min)

P

=
[
e
©r

Figure 17. COM dissolution times as a function of solution psing succinate disodium anthlate
disodium.
This succinate species trend reversed after pH=7 showing thamesistf COM crystals
to dissolutiomat pH= 9.In general, malate soluti@howed an increasnthe dissolution
time neeed from pH=3 to pH=9 (Figure 17)heimages of COM crystal dissolution at
pH=3 and pH=%re shown in Figure 1&imilar dissolution images at pH=5 and pH=7

are reported in FigurB.28 (see Append)x
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A Succinate pH=3

C. Succinate pH=9

: ; Somin

Figure 18. Images of crystalbeing irrigated with solutions &uccinate disodiurtd, C) andmalate

D. Malate pH=9

disodium(B, D) thathave specific solution pH valuesll scale bars are 10 pm
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3.34 COM dissolution irsodiumcitratedihydrateandpotassiunmhydroxycitrate
tribasic monohydrate solutions

At pH below 5, both citrate and hydroxycitrate have a limited effect on COM
crystal dissolution capabilitiespmpared tavhenpH=7 and 9. At pH%, citrate clearly
shows a substantial de@di in the amount of time needed, from 30 min to approximately
15 min compared to the time needegkbit=5. Inthe pH range from &, citrate has been
reported to be aapd chelatingagent forCa*. Theresultsshown here corroboratbose
found in the literature®® 8For hydroxycitrate, a similar pattern is observed in the pH
range 7 to 9In the pH range 7 to @jtrate slowed down its efficiency to dissolve COM
crystals whie hydroxycitrate increaslats dissolutioneffectivenesstherebyreducing the

amount of timeequired to dissolve COM crystals.

a) Citrate

b) Hydroxycitrate
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Figure 19. COM crystal dissolution times as a function of solution pH usodjum citrate dihydratend

potassiunmhydroxycitrae tribasic monohydrate.

The reason why citrate became less efficient than hydroxycitrate could be the presence of
an extra hydroxyl group©@H) on hydroxycitrate ion. Thisresence of an extra
functional group perhapgsoducesa competitive action on €aby increasing the

chelating effect of hydroxycitrate when the alkalinity of solution incre#<dsre
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studies are needed to elucidate thé re@son why citrate lost the capability to dissolve

COM crystals at pH=9.

The mages of COM crystal dissolution at pH=3 and ptsr® shown in Figure 20

Similar dissolution images at pH=5 and pH= 7 are reported in FRRj@e(se

Appendx).

A Citrate pH=3

B. Hydroxycitrate pH=3

C. Citrate pH=9

D. Hydroxycitrate pH=9

Figure 20. Images of crystalbeing irrigated with solutions @odium citrate dihydrat@, C) and
potassium hydroxycitrate tribasic monohydréBe D) that have specific solution pH values. All scale bars

are 10 pum.
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3.35 COMdissolution in EDTA and HCBUT solutions

Figure 21illustrates how EDTA and ¥€BUT impacted COM crystals inside a
microfluidic device. Both EDTA and ¥£BUT showed a strong effeon dissolving
COM salts. At pH 3, EDTA appeared to have a limited effe¢herdissolution of COM
crystals compared to4@BUT and confirmed the conclusion reported by Verplaeste et al.
related to the impact of chelating agents on dissolution of COM crystals with decreasing
pH. & By contrast, the dissolution capabilities oiGBUT on COM crystals was
relatively constant at pH=3 to pH=5 and the dissolution capalrtreases at pH=7. The
EDTA data showa consistent declining trend in the pH rasgo 9; implying a
substantial decreasediissolutiontime for COM crystals. This resuttorroborate past

findings in the literature33: 3637
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Figure 21. COM dissolution times as a function of solution pH udtigjrA and HCBUT.

Basedon thetimes determined fdEDTA and HCBUT, it is obvious thatalcium ion is
binding to chelating agent® 68495 The images of COM crystal dissolution at pH=3
and pH=%re shown in Figure 2&imilar dissolution images at pH=5 and pH= 7 are

reported in Figur®.30 (see Append)x
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A_EDTA pH=3

B. Hycbut pH=3

C. EDTA pH=9

Omin

D. Hycbut pH=9

Figure 22. Images of crystalbeing irrigated with solutions &DTA (A, C) andH,CBUT (B, D) that have

specific solution pH Vaes. Allscale bars are 10 um.

In the literature, three different opinions have emerged related to the effect of pH
onthedissolution of ®M crystals. One conclusion is that increasing the solydn
valuedecreasethe dissolutiortime for COM crystals 8> 8while another conclusion is

that COM crystal dissolution time increases as solution pH incréds€#’ Finally,
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another opinion isha solution pHhas no effecon COM crystal dissolutiar$® It is

important to mention that thexperimerdl conditions used in all of tee previous

studies differed from one group to another. For example, some solutions included sodium
chloride, citrate, hydroxycitrate, creatine, urea, artificial uramg| other constituents

differing in composition and concentraticg@onsideringhe results shown in Figure 23

1,2,3,4-Cyclobutanetetracarboxylic ack == Malate e Formate
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Figure 23. COMdissolution times as a function of solution pHising dl water, acetate trihydrate,
sodium formate, succinate disodium, malate disodium, saagim citr ate dihydrate, potassium
hydroxycitrate tribasic monohydrate, H,CBUT, andEDTA ddH,O means deionized water.
there appears to be no direct correlation between acid type and COM dissolution
capability. Each specific dissolution agent shalif&ering characteristics with respect to

solution pH valueThe results obtained here suggest the effect of pH is generally specific
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to each chelating or dissolution agent.

A pH=3
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Figure 24. Correlation between COM dissolution time and affinity for calcium Agracetate trihydrate
B, succinate disodiupC, malatedisodium;D, sodiumcitrate dihydrateE, EDTA. The values for the

stability constant {# were obtained from Reference 90.



39

Figure 24 shastherelationship between the dissolution times of selected
dissolutionagens fully deprotonatedA, acetate trihydrateéB, succinate disodiuncC,
malate disodiumb, sodium citrate dihydratd=, EDTA) on COM crystals at the
concentratiorof 5 mM andthe capabilitythat they have to bintb thecalcium ion
(expressed by the formation constimt Log K+ definesthe logarithm of the overall
cumulativeformation constant focalcium complexes with specificorganicligand *°
EDTA and sodium citrate dehydraaeeshavn to be good dissolutiomgents in
equilibrium with the COM crystalas shown by the relationship between dissolution time
of each specific compounaottedand theirespectivdormation constant K(Figure 24.
Because the stability constant for three out of the eight carboxylic acid used in this study

could not be found, these acids were not included in Figure 24.
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Summary

This study successfully deterneid the COM crystal dissolution activity of water,
acetate trihydrate, sodium formate, succinate disodium, malate disodium, sodium citrate
dihydrate, potassium hydroxicitrate tribasic monohydrat€BWUT, and EDTA At pH
solution of 5 the dissolution gaability of eachdissolutionagentexamined wered| water
< acetatdrihydrate< sodiumcitratedihydrate< succinatelisodium< potassium
hydroxycitratetribasic monhydrate sodiumformate < HCBUT < EDTA < malate
disodium For all of dissolution agentssed in this study the dissolution time deses
when the pH solution reduces from 5 to 3. At plodiumcitratedihydrate acetate
trihnydrate EDTA, Hi«CBUT, and succinatdisodiumrequired less timécompared to
when the solution pH was &) dissolve the COM crystalBy contrastthe dissolution
time increased when the solution pH was increased from 5 todl Vaater, malate
disodium andsodiumformate At pH 9, dI water, succinatgissodium malatedisodium
and acetat&ihydrate shar an increas in the amount of time required to dissolve COM
crystals.By contrast, EDTAsodiumformate, angotassiunmhydroxycitratetribasic
decrease the dissolution timeéCOM saltsas pH is increased from 7 to®his study
observed a correlation lveten dissolution time of specific dissolution agent and
formation constant. When the chelating agent has at least three carboxylic functional
groups, its formation constant is high @hd chelating agemtas more capability to
dissolve COM crystals as iimdited by the linear correlation shown in Figure(iZzl
sodium citrate dihydratend EDTAhad more affinity by chelating calcium ions present

at 5 mM in equilibrium with COM soligs
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Chapter 4 Future Directions

In this study, COM dissolution viaraicrofluidic device was performed using a series
of carboxylic acids as dissolution agents. The experiments described in the previous
chapter demonsdtethat while the dissolutioability of some additives improves as the
solution pH increases, the disstibn capabilities of other additives follows an opposite
trend. Furthermore, for some dissolution agents used in this study, solution pH had no
significant impact on dissolution activity. Thus, it is not surprising that various groups
appear to come toffierent conclusions with respect to how solution pH influences COM
dissolution. Currently, there is no reported method of predicting this trend for a particular
carboxylic acid agent. This study suggehtt as the number of carboatg groups on
the fully deprotonated formf a specific acid increasgsis more likelythatan increase
in pH will improve the dissolution ability of that acid. This conclusion is not unexpected.
The reported complex stability constants of fully depmated carboxylic acids generally
increase as the number of carboxylate groups incré/aaed these fully deprotonated
species become the dominant species amptdases. However, this study was limited to
approximately 2 members of each acid type. In order to obtain a more representative

viewpoint, it would be constructive to includesdnembers of each acid type.

In the course of thistudy, several problemarosewhich need to be consadedfor
similar future work A limited number of specific solution pH values (4 for each specific
acid)weredetermined to analyze the capability of a specific acid to dissolve the COM
crystals. This limited number of specifioluion pH values restricted the determination

of a more detailed viewf the general effect of solution pph COM ¢ystal dissolution
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for each dissolution agernncreasg the number bspecific solution pH values would

give a more complete picture thie influence of pH on the dissolution process.

Theinitial intent ofthis research was to characterize thedqapendent COM
dissolution abilities of aelatively large (approximately 2%ollection of carboxylic acid
types (from monoprotic to tetraprotidn the pH range chosen (pH =18), the plan was
to measure the dissolution abilities for each atidpecific pH values (~8 different pH
value9 and to do triplicatesf each experiment. This implies a total of 24 experiments
for each acidor 120 exgriments totalln order to complete such a project, it will be
beneficial to reduce the time required to collect the experimental@agsolution is to
makea device that allowémultiple) experimentso be done at the same time. The main
idea is to derease the overall time nemtto repeat or expand the work presented in this

study.

Another issue comes fromthe useadf | ow t hr osuchldhe dissoltiort e
device used in this studthe probability ofiwashing awagthe COM crystat instead of
dissolvingthem, i.e.gradually and spatially dimishing the size of COM crystalEvery
time thishappenedn this study the experiment in progress was stopped and a new test
was startedTrappingthecrystals under observati@othat theycannot move away is a
viable solution to this probleni! Preliminary experimentdone in this studijnvolved
microfabricated traps on tloeystal collection slidethat are useduring the crystia
synthesis process (Figure 24 dnfortunately, crystals flowing out of the microfluidic
crystallization device agggated signifiantly arroundhese traps (Figure &3). Thus, it
was difficult to find isolated trapped crystals that could be monitored during dissolution.

To overcome this problem, a possible solution would be to reduce the crystal collection
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time, suchas by synthesizing and collecting feweeystals. It is assumed thiatwer

crystals will lead to less aggregation.

Traps inside
the device

Figure 25. a) Polyacrylatetaps on a glass slide. b) Aggation of COM crystals arourtde traps.

No COM dissolution times for any simpieixture oftwo or three carboxylic ads
wasdonein this study Consequently, this study did rd#terminethe behavior of mixed
dissolution agents on COM dissolutidn.future studyit would be constrctive to
characterize the influence of simple mixsiod dissolution agentsn COM crystal

dissolution.

The experimental approach used in this work did not allow information about how the
dissolution agents influence COM dissolution to be gainedratascopic ével. As
previously mentioned, the dissolution behavior of solidgeiserally chareterized by
three different mechanisms which ar@nsportcontrolled interfacecontrolled, and
mixed-kinetic-controlled. Each of these mechanis is based oaninterfacial step and a
masstransport step. The futeistudy can includatomic force microscopy (AFM) to
inspect closely and thoroughly tivdluenceof dissolution agents on COM dissolution
process ah microscopic levelOne approach would be todircollect AFM images of

crystak from the crystallization proceshlext, thesecrystat can berrigated with a
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specific dissolution agent solution for a particular amount of.tin@ally, AFM images
of thesecrystak can be collectedfter this irrigaton. A comparison between the two sets
of AFM images should provide some insights into how the dissolution process is

occurring microscopically.
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A.1 Solid states: crystalline and amorphous

In crystallography, solids are grouped into two categories: crystalline and amorphous.
A crystalline solid is a substance whose essential elements possessaearelt
arrangement. These include sucrose, diamond, and sodium chloride, to name a few. An
amorphous solid is a substance whose components do not have a reguadesst
arrangement. Rubber, glass, polymers, and gels fit in this category. Crystalline solids and
amorphous solids have different characteristics. Crystalline solids have a defthite
regular geometry, shamelting points, and a specitieat of fusion. In addition,
crystalline solids are stiff and cannot be easily deformed. By contrast, amorphous solids
do not have a regular geometry, do not have a sharp melting point, anddeforbeed
by bending or compression efforts. Amorphous solids are considered cooled liquids or
pseudo solids. The physical properties of crystalline solids are anisotropic (varied
physical properties in different directions) but amorphous solids arepgo{k@ried

physical properties are same in all directiéf8*

A.2 Crystalline solid

A.2.1 Categories of crystalline solids

Crystalline solids can beategorizednto different groups depending upon the type of
constituent elements and the sort of attractive forces occurring between the constituent
elements of the crystal. There are atomic solids, molecular solids, ionic solids, covalent
solids, and meilic solids. Atomic solids have atoms as elemental building blocks.
London dispersion forces link their block structures. Most of these atomic solids are

crystals of noble gases. In molecular solids, the constituent elements are molecules of
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substances paed together by Van der Waals forces (dispersion forces); dry ice and

iodine are examples. Dipetiipole forces (e.g., in solid HCI) and hydrogen bonds (e.g.,

in HF and solid ammonia) are other attractive forces that can act between the molecules
in the ®lid state. In ionic solids, the component elements are ions of different charges.
The forces attracting the ions of opposite charges are ionic bonds (e.g., in CsCl, ZnS, and
CaPR). In covalent solids, the component elements are atoms of the same entliffer
elements attached to each other by a covalent bond network (e.g. in diamond, quartz, and
silicon). Finally, metallic solids, of which the constituent particles are metal atoms, are

linked by metallic bonds such as Cu, Fe, and®Zn

A.2.2 Polymorphism of crystalline solid

Crystalline solids can also exist in twomore forms called polymorphs.
Polymorphs have distinct structures with the sahmical constitution but different
internal crystal arrangemen®8 Polymorphism can be characterized into two types. The
first type is called packing or oriented polymorphism. This type of polymorphism exists
as a consequence of rigid molecules adopting identical confornpetaked in distinct
ways. For example, acetaminophen, a crystalline substance, has the same conformation
with different systems: orthorhombic (space grdeipcg and monoclinic (space group:

P2i/n). %

The second category is conformational polymorphism. This type of polymorphism
occurs when flexible molecules deform, adopting different conformations packed in
different forms of crystals. For example, Spiperone, a typical antipsychotic and pertaining
to butyrophenone chemical class, has two distinct conformations (space B2oia@and

P2i/c) packed in the same monoclirsgstem
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Each polymorph has a distinctRay diffraction @ttern because each polymorph
has a unique atomic arrangement and crystal structure. In addition, crystalline
polymorphs have distinct physical and chemical characteristics sulifieasnt melting
points, habits, flow, density, and solubili®y °’ Furthermore, ability to interchange from
one polymorph to another definesitheharacteristic asnantiotropiqreversiblechange
of a crystal between different phagbat takeplace when heated above a transition point
temperaturepr monotropigpolymorph which igrreversible)moleculesvhich can be
distinguisted onefrom another bytheir heat of fusior® There are also other types of
crystalline solids called solvates or pseudopolymorphs defined as organic compounds that
contain a solvent of crystallization othtean water®® In pseudopolymorphism, the
different categories of crystal are consequences of hydration or solVatfomater is
the solvent, the terminology Ahydrateodo is
hydraed crystal is one that contains water within its structure and reported in its
formul ad. When the solvent in a solvate is

structure of a solvate, it is known as a desolvated soR?ate.

A.3 Crystalline state: fundamental concepts

According to the International Union of Crystallography (IUCr), a substance is
called a crystal if ipresents a sharp diffractient r uct ur e or fnHessenti al
di ffracti®%Thidsi age fainmi t i o wiméngiana geriodigityto nd t hr e
include quasicrystals and other unexpectectstrwuir e s t hat mi'YAst be di
mentioned above, a common technique used to determine crystal arrangemeay is X
crystallography, a method of diffraction analysis, that reveals the interior structure of the

atoms in the crystal, and thus characterizes the bond angles and intespiacesA
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basic unit (unit cell) defines the crystal structuraeunit cell refers to a set of atoms,
which are linked together in a specific geometrical manner.
In crystallography, the descriptions of planes, faces, set of faces, volumes, axes, and

argles are important to characterize the unit cell of a crystal. The coordmditaadc

possess an exact physical form outlined by the translational vég@rand@giving a
perceptible volumé&/ that includes the essential molecules or atomsfohat the crystal

unit structure %! In addition,a, b,andc characterize the lengths of cell edges, and the
symbol s U, hefvaluesafhadangies metween these vectorthetcell edges, as
shown inFigureA. 25. Moreover the atomic locations inside the unit cell are represented
by theset of atomic psitions X, Yi and Z. The atomic positions are calculated from a
designated reference lattice point, a location in the unit cell with high probability of

finding an ion or an atom®?

&3
a

Figure A.26 Axes, unit cell dimension, and angles for a general unit cell.

In crystallogrg@hy, there are three entitidsr, ) called Miller index notations,
which represent the vectors and planes in a crystal lattice. For example, (100) symbolizes
the Miller index of a plane in a cubic unit cell. By definition, the syntam( ) indicates
the plane that connects three poartsb/m, andc/n or some multiple of them. Thus, the

Miller indices correspond to the inverses of the intersections of a plane formed by the
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three points and the unit cell. Indices zero (0) means thatahegpdo not cross the axis.
The values of Miller indices are not decimals and negative indices are represented with a

bar on the top of the indices as ing(12). 02

Fourteen different lattices, called Bravais lattices, can be formed in a three
dimensional representatian lattice points. Bravais lattices can be subdivided by
symmetry and centering into sevattice systemsisometricor cubic, tetragonal,
orthorhombic, monoclinic, triclinic, hexagonal, and rhombohe&ayvaislattices can be
categorized into four different sorts. The first category is representegtoyitive
lattice (P) and rhombohedral lattice (fRat only have lattice points at each corner of the
threedimensional unit cell. The second type is the boelytered lattice for
Al nnenzentrierteo lattices (1). I n additio
cell, a bodycentered lattickas a lattice point at the center of the thdléeensional unit
cell. The third variety is the basentereddttice, represented by A, B, or C faces;
additional lattice points are involved at the centers of the opposing unit cell faces for
centered lattices. The fourth category iseeicentered lattice (F), whiatontains
additional lattice points at the corsesf the unit cell and at either the centers of one pair
of faces or the centers of all three pairs of fat83he symmetries restrict the

representation of these coordinates and angles in three dingeasishown ifable 3

In crystallography, symetry is applied to characteria# crystals. §mmetry isa
precise correlation between parts of a shape with respect to a separated line, plane, or
point. Symmetry elements include entities such as Idg#)tySymmetry planesij,
Inversion center (I), Proper axi€+), and Improper axis g These elements involve

operations such as rotation, reflection, and inversf§ihere are two forms of
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symmetry notation: the Schioies notation, used to characterize the point group of a

crystal lattice, and the HermaiMiauguin notation, which is able to define the space

Lattice System Unit Cell 14 Bravais Lattices
triclinic Ul bi 0=90 P a | b
monoclinic a | p=d=9@p0O D0 P,C
orthorhombic U=b=0=90 F.I,mBorCb | ©c;
tetragonal U=b=02=90C P, I a = b I
rhombohedral a=b=¢=b=01 90 R
hexagonal =a b UEb=9(;0=120 P
cubic a=bdd=b=09=90 P, F, I
Table A.3 Seven lattice systems atitkir characteristic$%
The totality of symmetry el ements exi st

specifically named a point group. It is the expression of the intersection of all the
symmetry elemets (points, lines, and planes) at a single point. A point group is defined

as a collection of symmetry operations such as rotation and reflection. On the other hand,
a space growgrefers to the symmetry group of a structure or configuration in three
dimensions. In pace, a combination of the 32 three dimension (8rigtallographic

point groups with 14 Bravais lattices (associated with one of the 7 lattice systems)

generates a totality of 230 possible space groups entirely characterizing all probable
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crystal symmetriest®The space group can be classified into 7 crystal sysfEatde 4
each possessing specific symmetry operatiglmeover, each crystal system correlates
with one of six differentrystal families.The crystal system includes hexagonal, trigonal,
monoclinic, orthorhombic, tetragonal, triclinic, and cubic systéfigure26). 103104, 106

There are more than ten methods to desc
short symbol o6 is the allobgrapmorbid methameludesb!l vy us
set of four signs. For example, quartz is a trigonal crystal included in the space group
P3121. The symboP refers to primitive unit cell3: signifies the symmetry along the
major axis € axis in trigonal crystal)? refers to the symmetry along axes of less

significance & or b in trigonal crystal) and 1 shows the symmetry in the remaining axis

104

Trigonal Cublc (isomeric) Tetragonal e

Orthorombic Monoclinic ¥ Triclinic

Figure A.27 The seven crystal system form’
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Crystal System Unit Cell Symmetry

Trigonal a=a=a&l c; U =°p E3fadaxs oflr@afion

Monoclinic a | b 1 ¢€; bl O 9@-foid adslf rotation
Orthorhombic 0 3 2foldaxisiof radation c¢; U = b
Tetragonal 0 1 4fold axisof ratation b | c¢; U
Triclinic a I b [ c¢;° U 1 Moailisobsyrimetgy0

Hexagonal a=2=al c¢; U =°p I1=6foll axis of tofation

Cubic ° 4 3fold axis of rotationa =b =c; U=

Table A.4 Seven crystal system and their characteristiés
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B.1Images of COM crystal being irrigatedth sodium acetate trihydrate or sodium

formate solutiongt pH=5 and pH=7

A Acetate pH=5

B. Formate pH=5

Figure B.28 Images oftrystals being irrigated with solutisrof sodium acetate trihydrate (A, C) and

sodium formatéB, D) that have specific solution pH valuddl scale bars are 10 um.
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B.2 Images of COM crystdleing irrigatedvith succinate disodium or malate disodium

solutionsat pH=5 and pH=7

A. Succinate pH=5

0“ .\ .

C. Succinate pH=7

D. Malate pH=7

™,
u

Figure B.29 Images of crystals being irrigatt with solution okuccinatedisodium(A, C) andmalate

disodium(B, D) that have specific solution pH valuddl scale bars are 10 um
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B.3Images ofCOM crystalbeing irrigatedvith sodium citrate dihydrate or potassium

hydroxycitrate tribasic monohydrate solut@npH=5 and pH=7

A_ Citrate pH=5

lomin

B. Hydroxycitrate pH=5

C. Citrate pH=7

D. Hydroxycitrate pH=7

Figure B.30Images of crystalbeing irrigated with solutions afodium citrate dihydrat@, C) and

potassium hydroxycitrate tribasic monohydr@@eD) that have specific solution pH values. All scale bars

are 10 pum.
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B.4 Images of COM crystal being irrigated with EDTA or H4CBUT solutions at pH=5

and pH=7

Figure B.31 Images of crystalbeing irrigated with solutiaghof EDTA (A, C) andH4CBUT (B, D) that

have specific solution pH values. All scale bars are 10 um.






