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ABSTRACT

A simple reversed-phase high-performance liquid chromatographic (RP-
HPLC) method has been devel oped and optimized for simultaneous deter-
mination of itaconic acid in polymer hydrogels. Separation of itaconic acid
was successfully achieved on a C, column utilizing agueous solution of
ortho-phosphoric acid (0.05 %). The detection was achieved using PDA
detector at 210nm. The extraction recovery of itaconic acid was >89 % and
the calibration curvewaslinear (r? = 0.9990+0.06) over itaconic acid concen-
trationsranging from 0.1 to 1.0ug/ml (n = 5). Adeguate assay for intra- and
inter-day precision and accuracy was observed during validation process.
An extraction procedure to remove residual itaconic acid was aso estab-
lished. The devel oped method and the extraction procedure were applied to
itaconic acid based hydrogels, tested with or without post polymerization
treatment and proved to be accurate and precise for determination of re-
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sidual monomer content of the material evaluated.
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INTRODUCTION

Hydrogd sarethree-dimensiond, hydraphilic, poly-
meric networks, with chemical or physical cross-links,
capabl e of imbibing large anounts of water or biologi-
cal fluids*4. These gelsrespond to various environ-
mental conditions like temperature, pH and ionic
strength, ultrasound irradiation, magnetic and electrica
stimulus. Hencethey are used in various biomedi cal
gpplications such ascontrolled delivery of drugs, pep-
tide, cellswithin the human body, scaffoldsfor tissue
engineering, medica e ectrodes, wound dressing, bio-
sensor, contact lenses, moisture sensitive adhesives, diet
aid etc. Specid hydrogel sas superabsorbent materiads

arewidely employedin hygienic usesparticularly dis-
posabl e diapers and femal e napkins where they can
capture secreted fluids, e.g., urine, blood, etc.
Itaconicacid (1A) isorigindly known as product of
pyrolyticdistillation of citricacid. It isproduced onan
industria scaleby thecultivation of Aspergillusterreus
or A. itaconicus using sugar molasses or glucose®4.
Itsprimary applicationisinthe polymer industry where
itisemployed asacomonomer at alevel of 1-5%for
certain products. The methelene group isableto par-
ticipatein polymerization reactions, which makesita-
conic acid aprofitable product appliedin varioustype
of synthetic polymers. It can beeasily incorporated into
polymersand may serveasasubstitutefor petrochemi-
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cal-based acrylic or methacrylic acid. Itaconicacidis
alsoimportant asan ingradiant for the manufacture of
syntheticfibres, coatings, adhesives, thicknessand bind-
ers. Themain potentid for theutilization of itaconicacid
isthemanufacture of styrene butadienecopolymersand
for latticesand pain emul ationsto improve adhes on of
the polymer. A ishydrophilicin nature, dueto pres-
ence of two-COOH groups (Figure 1) and having dif-
ferent pKavalues (3.84 and 5.55), so that very small
amountsof |A isenough to produce SAP hydrogels
with high hydrophilic propertied®®. SAPhydrogdsare
known as good candidates for the controlled release
formulationsfor pharmaceutica goplicationsmostly due
to their high biocompatibility. Nowadaysthese poly-
meric carriershave been extensvely consderedin sus-
tained and controlled rel ease devi cesfor thedelivery of
water-solubledrugs’®.

During polymerization themonomerscrosdink to
create apolymeric matrix. The polymerizationishow-
ever, not complete, leaving up to 10% of resdua mono-
mers capableof |eaching out. Residual low molecular
weight monomers likelA arerdaively mobile, and may
diffusethrough thematrix into animmersion medium.
To be used as medicd materia sand sanitarian materi-
als, theamount of theresidual monomer must be kept
aslow aspossible. Although asignificant body of re-
search exigson environmenta and hedth effectsof the
presence of low molecular weight extractable or
unreacted monomersin polymers, thereisdtill alack of
data regarding the purity of engineered polymeric
hydrogels. Reducing the biol ogica and ecological haz-
ardscan only be met through tandemtesting during the
discovery synthesisphase. To beused for bio-medica
gpplications, theamount of theres dua monomersmust
bekept aslow aspossible.

Theliterature survey revea ed that thereisno re-
ported procedureto highly quantify theresidud itaconic
acidin polymer hydrogels. Thereforeit wasour goal to
develop afast and smpleanaysisprotocol enabling
the s multaneous and unambi guous detection of itaconic
acidin hydrogels. We aimed to achieve an optimized
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practical method to easily determinetheresidua mono-
mer in hydrogels. So HPL C, as one of the most com-
mon andytical method for quantitative measurement of
organic acids, was used for the purpose. The devel -
oped method was validated asper ICH guidelinesfor
specificity, linearity, accuracy and precision. LOD and
LOQ weredetermined by cdibration curve method®9,

EXPERIMENTAL

Chemicals

Itaconi ¢ acid monomer was purchased from fluka
and used asreceived. Orthophosphoric acid from E-
MERK, Germany. All other chemicdsusedinthisstudy
wereof analytical grade quality, with deionized water
(milli Q, Millipore(India) Pvt Ltd, Bagalore) being used
for preparing the solutions.

Synthesis of collagen-g-poly (acrylamide-co-ita-
conic acid), collagen-g-P(AM-co-1A)

A pre-weighed amount of hydrolyzed collagen
(1.0g) was added to 50 ml deionized and filtered to
removeitsinsoluble phosphate salt. Thenthesolution
was added to athree-neck 500ml reactor equipped
with amechanical stirrer (RZR 2021, athree-blade
propeller (Heidolph, Schwabach, Germany) and
stirred (250rpm) for 10 min. Thereactor was placed
in athermostated water bath to control thereaction
temperatureat 80°C. After dissolving and homogeni z-
ing the mixture, the monomers AM, 1A and the
crosdinker, MBA, weresmultaneoudy added and the
reaction mixturewasstirred for 15 min. Thentheini-
tiator APS (oxidant) and TMED (reductant) was
added (TABLE 1). The solution wasstirred at 400
500 rpm while maintaining the temperature and inert
aimosphere. Thetemperaturewas maintained at 80°C
and the reaction mixturewas stirred continuously for
24 h. Thelow molecular weight substancesremaining
inthesamples after polymerization wereextracted with
boiling ethanol for 24 h. The product was collected
by centrifugation and dried in the oven under vacuum
at 60°C for 24 h. Thedried graft polymer was added
to 300ml deionized water. It was allowed to swell
during agitation in awater bath at the constant tem-
perature of 60°C for 24 h. Then it was extracted with
ethanol inasoxhlet for 6 hfollowed by water at 100°C
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TABLE 1: Composition of thefeed mixture
MBA 1% TMED APS

Polymer 1A

code(ml) (mg)(ml) (wAY(MI) 1% (wiv) 1% (wiv) 0 S5
H1 0 0.4 0.3 02 489
H2 20 0.4 03 02 517
H3 40 0.4 03 02 589
Ha 60 0.4 03 02 1890
H5 80 0.4 0.3 02 1851
H6 60 0.2 0.3 02 1611
H7 60 06 0.3 02 1419
Hs 60 08 03 02 1111
Ho 60 0.4 0.1 02 1621
H10 60 0.4 0.2 02 1901
H11 60 0.4 0.4 02 1800
H12 60 0.4 0.2 01 1616
H13 60 0.4 0.2 03 1813
H14 60 0.4 0.2 04 1867

Reaction conditions: Hydrolyzed collagen: (1.0g); acrylamide:
1.0g, H20: 30ml, temperature: 80°C

for 72 h. The precipitate wasfiltered and dried under
vacuum at 60°C. After grinding, the resulting powder
was stored away from moisture, heat and light. Ho-
mopolymer, PAM and copolymer and copolymer P
(AM-co-1A) was aso synthesized using the same
method and the pol ymerization have been confirmed
by FT-IR studies (Figure2 and TABLE 2).

Equipment and chromatography conditions

The chromatographic system consisted of acom-
puter-controlled pump (model LC 20AT), autosampler
(modd SIL-10AF) equipped witha200ul sampleloop,
photodiodearray (PDA) detector (modd SPD-M20A).
Shimadzu L C Solution softwarewas used for the sys-
tem and data management. The separation was per-
formedinisocratic modeat aflow rateof 1.0ml /min
and atemperature of 40°C on an analytical column
Gemini 5u C , 150x4.6mm (Phenomenex, USA).An
RP C,, Security guard (4x3mm, Phenomenex) was
employed to protect theandytical column. Themobile
phase was aqueous 0.05% orthophosphoric acid and
the injection volume was 50ul. The observer
backpressure valueswere in the range from 1400 to
1450 psi. Data was acquired and processed by LC
sol ution software (Shimadzu, Japan).

Sandard solution preparations
A stock solution containing 100ug/ml 1A was pre-
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TABLE 2: Main FTIR Peaksof PAM, P(AM-co-1A), Cal-
lagen-g-P (AM-co-1A)

Wavenumbers of absorption bands
(cm™) of

PAM P (AM-co-1A) ?A"":Aa?:c')‘_'l%j

Wavenumbers of absorption bands of
original groups (cm™)

Amide

Free-NH, stretching (amide 11) 3400, 3500 3422 3417 3401

Bonded-NHj, stretching (amide 1) 3180, 3350 3207 3145 3126

NH, bending (amide I1) 1620-1650 1621 1600 1600

-C = O stretching (amide ) 1650 1663 1650 1649

C-N stretching 1410 1414 1396 1390

-NH out of plane bending 600-700 608 600 599

Carboxyl

Bonded —O-H stretching

3200-3400 3217 3215

2500-2700 2608 2606

-C = O stretching 1735-1750 1713 1711

-C-O stretching 1210-1320 1200 1199

pared in asolution of methanol: 0.05% orthophospho-
ric acid (10:90) and it was stored in amber colored
volumetric flask at 4-6°C. Working standard solution
(Img/ml) wasa so prepared inthesamemedium. Cali-
bration standardswere prepared by appropriate quan-
titativedilution from the stock solution.

Solution statestability at working pH

Stability testingwas carried out to evaluatethe sta
bility and extend of degradation of the stock solution
containing IA. Fresh stock solution of 1A (100ug/ml)
was prepared, working solutions at three concentra-
tion levelswere made from this standard solution and
kept at 4-6°C. Sampling wasdone at regular timein-
tervasfor aperiod of 7 daysintriplicate. Each sample
wasrunin HPLC after filtering through 0.45umfilter.
The peak areaof thestandard | A solution at different
concentration was compared at different time point to
determinethe stability asafunction of time. Percent
resdud and % reaivestandard deviation (R.S.D) were
found to bewithin statical limits. Hence, the solution
remains stable over aperiod of 7 days under 4-6°C
(TABLE3).

Wavelength optimization

The PDA absorbance over the 205-500nm range
wasrecorded (Figure 1) and thewavel ength used for
quantification was210nm.
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Figure2: FTIR spectraof PAM (@), P(AM-co-1A) (b), Cal-
lagen-g-P (AM-co-1A)

System suitability

Having optimized theefficiency of chromatographic
separation and the quality of the chromatography was
monitored by applying the system suitability testslike
capacity factor, tailing factor and theoreticd plates. The
system suitability method acceptance criteriasetineach
vaidation runwere: Injection precisonRSD < 1% (n>
5), capacity factor k> > 2.0, tailing factor T =2.0, theo-
retical platesN >2000. The HPLC system was equili-
brated with the mobile phase, followed by fiveinjec-
tionsof thel A standard. Inall casesthe RSD for five
consecutiveinjectionswas< 0.3 %. All other param-
eters were found to be satisfactory [capacity factor
(4.2), tailing factor (0.025), and theoretical plates of
thecolumn (3497)].

Analytical procedure

Powdered hydrogel sample (0.300g) was accu-
rately weighed and added to 10ml methanolic ortho-
phosphoric acid (10:90, pH = 2.3) inapolypropylene
tube. After vortex (Cyclomixer, CM 101, Remi Instru-
ments, India) for 10 minutesthe samplehydrogelswere
placed in an ultrasonicator bath (Toshcon, SW-7, In-
dia) for half an hour followed by placingin an orbital
shaker (Lablineinstruments, India) at 37°C with con-
stant agitation (200 rpm) for 12 h. Thenit was centri-
fuged (Eppendorf, 510R, Germany) for 10 minutesat
3500 rpm at 4°C. Thesupernatant wastaken by means
of asyringe, thenfiltered through a0.45um syringefil-
ter (Milliporemillex-HV, Hydrophillic PV DF) and fi-
nally putinasamplevia (Waters, USA).

Validation of analytical method
Thedeveloped method was validated as per ICH
guidelinesfor linearity, accuracy and precision, Speci-
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Figure3: Linearity curveof itaconicacid (a), Residual plot:
Assessment of linearity (for abetter view only threereadings
areshown for each calibr ation point)

ficity, LOD and LOQ.
Rangeof linearity

Standard solutions (0.1, 0.2, 0.4, 0.6, 0.8 and
1.0mg/ml), eechinfivereplicateswereinjectedinto the
system. Linearity of theanaytica procedurewasevau-
ated by plotting detector response (peak area) against
analyte concentration (Figure 3(a)). Theregression
equationwasY =aX + b, whereY denotes peak area
and X istheconcentration of IA (ug/ml). The % residu-
als (Figure 3(b)) were plotted in order to detect and
accessany systematic deviations.

Pr edicted x 100
Truevalue

Resdua plot isobtaned by ca culating the percent
residual of each calibration standard and plotting it
against concentration. Figure 3b showsthat, the data
pointsare evenly scattered on both sides of the 100%
lineand exhibit adecreasing variancewithincreasing
cdibrationlevd.

Accuracy and precision

% Residuals =

Accuracy and precision of the analytical method
was determined by analyzing quality control samples
(QC) at threedifferent concentrationswithinthecali-
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Figure4: Representative HPL C chromatogramsof gandard
itaconic acid (0.2mg/ml) (a), fortified in PAM gel (4 pg/ml)
(b), resdual itaconicacid detected in P (AM-co-1A) (c) and in
collagen-g-p (AM-co-1A) hydrogd (d)

bration rangeintriplicate (n = 3). QC standardswere
prepared in the same media and are dilutions from
weightingsindependent from those used for prepara-
tion of calibration curves.

Theprecison (% RSD) of theandytical procedure
was eval uated by determining theintra- and inter-day
coefficient of variation and reported as% RSD for a
dtatically significant number of replicatemeasurements.
Theintra-day precision of the selected method was es-
timated by theanalysisof threedifferent concentrations
of IAintriplicate and threetimesonthe sameday. The
inter day precisionwas accessed by analyzing samples
inthe sameway asfor intra-day precision assay, and
was repeated for three consecutive days.

Specificity
Specificity was determined by comparing there-
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Figure5: (A) Absor ption spectrum of itaconic acid (0.2mg/
ml) in the mobile phase (measur ed at height h (a), h/2 (b) and
h/4 (c) reapectively. No changesin spectral pattern wasob-
served). (B) Itaconicacid fortified (4.0mg/ml) wasdetected at
the wavelengths of 210, 200, 212, 215, 220 and 222 nm si-
multaneoudy

sponseof 1A inthe samplematrix with the response of
same component in asol ution containing pureanalyte.
Basdline separation wasobtained between |A, sample
matrix and no interferencewith the main peak wasob-
served. Confirmation of peak identity waseffected by
co-chromatography. The peak purity index isamea-
sure of spectral heterogeneity of apeak based onthe
comparison of spectraover theentire peak. Thenon-
ideal effectsare quantified and provided asavaue of
peak purity index. When the peak is pure, the peak
purity index isgreater than 0.990.

Limit of detection and quantitation

LOD and LOQ decide about the sensitivity of the
method. LOD isthelowest detectable concentration of
the analyte while LOQ is the lowest amount of the
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Figure6: Overlay of signalsof itaconicacid fortified (4.0mg/
ml) at wanelengths 210, 200, 212, 215, 220, and 222 nm after
nor malized toequal areas

anayteinasample, which could be quantitatively de-
termined with suitable precision and accuracy. Thestan-
dard deviation of y-intercept of regression lineswas
determined and kept in following equation for the de-
termination of detection limit and quantitationlimit. De-
tectionlimit=3.3 /s, quantitationlimit =10 /s, where
sisthestandard deviation of y—intercept and s is the
dopeof thecdibration curve.

RESULTSAND DISCUSSION

Extraction of itaconicacid from hydrogel samples

Methanolic orthophosphoric acid (10:90) wasused
asextraction solvent. The coiled and packed chains of
hydrogel matrix unfold and make roomsor voidsfor

TABLE3
Concentration
level (ug/ml) Day 3 Day 7
0.10 98.75+0.83(0.84)  97.1440.85(0.88)
0.60 99.19+0.45(0.45)  98.99+0.58(0.59)
1.00 100.09+0.20(0.20) 99.85+0.26(0.26)

Chromatograms obtained by running three concentrations on
39 and 7" day from the preparations of stock solution have been
compared with those obtained initially. Values given under day
3 and day 7 denote peak area + SD (% RSD) calculated with
Respect to the average peak area of the respective concentra-
tions as obtained initially

solvent molecules asit was allowed to swell and the
total residua monomer inform of either acid or itssalt
diffusesfrom gel network to the extracting solution.
Representative HPL C chromatogramsof itaconic acid

indifferent hydrogel matrix areshowninfigure4.
Sability of stock itaconic acid solution

TABLE 3 shows stability dataof the stock solution
containing 1A. Thestock solutionwasfoundto bestable
for 1 week as% recovery waswithinthegatistica lim-
its. Further, no appreci able changewasobservedinthe
measured concentration of thelA in the presence of
hydrogel matrix during the period.

Validation of themethod

Themethods devel oped for analysisof 1A in hy-
drogel matrix wasvalidated for linearity, accuracy, pre-
cision, specificity, and quantification limitsasper ICH
guidelines. Linear regression anadysisconfirmsthat the
r2valuesfor |1A wasfound to be>0.9990, confirming
thelinear rel ationship between the concentration of the
|A and areaunder thecurve. Vdidation parametershave
been highlighted in TABLE 4. Peak purity evaluation
was performed with objective of obtaining additional
supportiveinformation during selection of appropriate
anaytical conditionsthat all owed specific determina
tionof 1A ingel matrix. For apure peak, the spectral
patternat any point intimeissimilar becausethey show
apattern unique to the compound (Figure 5). How-
eve, if the peak belongsto the unseparated compound
peaks (interfering compoundsfrom matrix), the spec-
trum pattern at thetop of the peak and thetimebefore
and after the peak aredifferent dueto thedifferencein
retention times of each compounds. The ‘peak purity’
whichisanindicator used to verify whether thepeak is
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apositivevalue of minimum peak purity index confirmingthepurity of the peaksand specificity

TABLE4
Itaconic
(ug/mbacid Intraday Inter day
Fortified Mean+S.D, Recovery Mean+S.D, Recovery
% RSD (%) % RSD (%)
3.63+0.20, 3.59+0.22,
4.00 550 90.75 6.12 89.75
5.56+0.17, 5.42+0.20,
6.00 3.06 92.67 369 90.33
7.69+0.19, 7.59+0.26,
8.00 247 96.12 342 94.88
n=3

comprised of asingle compound can be cal cul ated us-
ing thismechanism. In addition to the spectral pattern
comparison, sgndsof fortified |A (4.0mg/ml) at differ-
ent wandengthsafter normaizedto equa areasandthe
tota pesk purity of thestandard IA andinfortified sample
was al so determined. Good overlap, wherethe peak
shape and retenti on timematch indi catesthe specificity
of theanalysis(Figure6). The peak purity index value
for each onewas 1.000000 and 0.999998 respectively
(Figure 7). Accuracy and precision datashowed that
therecoveriesranged from 89to 96 %. Bothintra- and
inter-day precision (% R.S.D.) of QC standardswere
lessthan 2% over theselected range (TABLE 4). The
calculated LOD and L OQ concentrations confirmed
that themethodswere sufficiently sengitive(TABLES).

CONCLUSIONS

Hedthcareisan essentia aspect of human survivd.
Polymeric materidsindifferent formswith specific char-

TABLES

Parameters Values
Analytical wavelength 210nm
Cadlibration range (ng/ml) 0.1-1.0ug/mi
Slope(a) 0.007+7.01€”
Intercept(b) 9.78+0.074
Correlation coefficient (r?) 0.9990+0.06
LOD(ug/ml) 0.034ug/ml
LOQ(ug/ml) 0.105ug/ml

acterigticshavegenerated significant interest inanum-
ber of biomedica gpplicationsincluding drug delivery.
Polymersused asdrug delivery systemsfor pharma-
ceuticalsneed to exhibit biocompatible characteristics
interms of both the polymer effect on the organism
recelving thedrug ddivery system and, the polymer ef-
fect onthedrugto beddivered. Severa aspect of poly-
meric systems ultimately contribute to its overall
biocompatibility or lack of thereof. A key factor that
influencesthebiocompatibility of animplant polymeris
the presence of |ow molecul ar weight extractable or
unreacted monomersand polymerizationinitiators. In
thisreport, weimplemented and optimized an HPLC
method to accurately and precisdly quantify resdud ita
conicacid monomer in hydrogels. Thismethod can ful-
fill therequirements of asynthetic chemist or quality
control labsfor practicaly quantifyingtheresidual ita-
conicacidin hydrogels. Thedevel oped method isvery
simpleand resultsobtained confirm suitableaccuracy,
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specificity and precision. Themobilephasewaseasily
prepared and gave reproducibleresults. With theuse
of non-buffered mobile phases, problems associated
with buffersviz. timerequiredinits preparation, pH
adjustments, chocking of tubingsand proper washing
of the system after its use has been avoided. In RP-
HPL C organic solvents are generally used as compo-
nents of mobile phase. Sincemost organic solventsare
not environment friendly and are potentialy toxictothe
operators, minimizing theamount of organic solventsis
of great importance. So we used diluteacidic solution
(0.05% orthophosphoric acid) asboth extracting me-
diaand mobile phase. The applied RP-HPLC method
seemswel| suited for analysisof residud itaconic acid
in other types of hydogel sand compositesal so.
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