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Abstract

Thermal decomposition processes were investigated for Bacillus Gram-positive spores. Thermogravimetry analysis (TGA) experiments at
200 K mirr! produced a temporal evolution of biochemicals from the spores. Qualitative and quantitative aspects such as peak resolution,
peak ratios, peak positions, and temperature maxima are compared and contrasted in the thermal weight loss and differential thermogravimetry
(DTG) curves for different Bacillus bacterial spores. The TGA experimental data were used to generate the activation energy and frequency
factor Arrhenius equation parameters. These parameters were used to produce TGA and the negative of the first derivative of IREG)GA (
decomposition model curves, and the latter are compared to their respective bacterial experimental FGAGmmtofiles for validation and
modeling purposes. The thermal decomposition model is also shown to have application in the prediction of weight loss profiles at significantly
higher heating rates than that from the laboratory TGA system. The model thermal decomposition profiles are applied in comparisons to the
total ion chromatograms ®acillus atrophaeus bacterial spores generated by an outdoors fielded pyrolysis—gas chromatography—ion mobility
spectrometry (Py—GC—-IMS) bioaerosol detection system. Pyrolysis at a high heating rate of 3300 Wasinsed. The bioaerosol detection
system provides very similar qualitative information to the TGA aidiTG experimental and model profiles.
© 2005 Published by Elsevier B.V.
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1. Introduction ential scanning calorimetry (DSC), microcalorimetry, differ-
ential thermal analysis, thermogravimetry analysis (TGA),

Thermal decomposition processes have characterized andCurie point, glass and metal tube, and foil are common
described the fundamental structures and thermodynamicthermal processing methods and devices for biological sub-
behavior of many types of compounds including techni- stances. Thermal product formation includes light gases,
cal organic polymer, pharmaceutical, composite, and energychar/tar, inorganic salt deposits, and polar and non-polar
producing substances. Controlled thermal processing of sub-organic vapor products. It is the latter that provides the most
stances can yield importantinformation on the heterogeneity, useful structural and physical parameter information for sam-

constitution, structural elements, durability, thermodynam- ple characterization.

ics, metastable or polymorphic states of a compound, physi- Fundamental objectives of thermal processing techniques
cal application, and limitations of a compoujig-3]. Differ- are the modeling of the rate of sample decomposition, deriva-
tion of kinetic parameter constants, and the weight loss infor-
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the entire vapor flux of a solid sample with a given set of reaction equations with respect to TGA ar®TG profiles
heating parametefd-8]. from a laboratory TGA to an outdoors fielded pyrolysis—gas
The Arrhenius equation parameters and the rate of reactionchromatography—ion mobility spectrometry (Py—-GC-IMS)
equation combined with known time—temperature profiles bioaerosol detection system for Gram-positive Bacillus
serve as fundamental mathematical tools and methods to prospores. The Py—GC-IMS system admits aerosol or liquid sus-
duce visual descriptions and parametric descriptors for the pensions of biological substances onto a quartz frit in a glass
rate of a thermal decomposition reaction. Temperature andtube where pyrolysis takes plaf@2,23]. The resulting vapor
the remaining amount of sample during product formation is separated by a GC column and detected by an ion mobility
are the variables in model descriptions of the experimental spectrometer. Neutral GC eluate passes through a nickel-63
thermal decomposition reactions. A thermal decomposition radioactive ionization source and becomes ionized by proton
model provides calculated representations of the experimen-transfer from proton hydrate gaseous reagent ions. The ions
tal TGA curve and the negative of the first derivative of are gated and enter an electrical gradient in an atmospheric
the TGA curve (—DTG curve or-DTG profile). Specific pressure drift tube. A Faraday plate detects the j2dg
information that can be obtained includes the relevancy of  The Arrhenius and rate of reaction equations and parame-
proposed thermal decomposition mechanisms, effect of tem-ters are shown to satisfactorily model and describe bacterial
perature on a solid sample, rates of product formation, order TGA and—DTG profiles of laboratory experiments as well

of the reactions, and Arrhenius equation constants. as thermal data from a fielded Py—GC-IMS bioaerosol detec-
Analytes that have been investigated by thermal pro- tion system. TGA-MS was used as a laboratory adjunct for
cesses include biochemical and bacterial substgdBed4d]. the investigations of microorganisms in order to characterize

Detection, identification, and characterization of the origin and interpret the heating parameter effects and their inter-
of individual biochemical thermal species in bacteria pro- relationships with respectto the outdoor-fielded Py—GC—IMS
vide substantial interest in the use of heating methods onbioaerosol detector. The TGA-MS was also used to modify,
biological substances. optimize, and refine the heating parameter settings on the
DSC is a thermal technique that is used to monitor the pyrolysis module in the Py—GC-IMS.
inactivation and thermally induced death of microorgan-
isms [12—16]. Different organisms have different thermal
tolerances, and the absorption of energy by bacterial com-2. Experimental
ponents[12,14,17,18]is directly monitored by calorime-
try techniques. These changes are generally used to pin2.1. Materials
point and postulate what part(s) of the microbe are irre-
versibly altered that significantly contribute to the death of  Proteins in powdered form were purchased from
the organisnfil2—15,17,18]. Individual proteins, compounds, Sigma—Aldrich as follows: insulin (15500, molecular weight
and organelles are thermally treated and act as standardéMW) =5733), myoglobin (M 0630, MW =17,200), bovine
to correlate temperature and magnitude of thermal absorp-milk beta-lactoglobulin B (L 8005, MW =18,276), bovine
tion with that of the whole organism calorimetry thermal erythrocyte carbonic anhydrase (C 3934, MW =29,024),
chromatogranfl2—14,17,18]. Thermal changes and thermo- ovalbumin (A 2512, MW =44,300), and bovine serum albu-
dynamics are used to characterize microorganism viability. min (BSA, A7638, MW =66,430). The proteins were applied
Another key application of DSC and microcalorimetry is in onto the sample pan in milligram quantities in the dry powder
the investigation of the melting and crystallization proper- form.
ties of compounds including pharmaceuticals and proteins
[2,3,19]. 2.2. Bacteria preparation procedures
A limited number of thermal studies have been performed
on bacteria and their inherent macromolecules and biochem- Gram-positive spores oBacillus cereus ATCC 6464,
icals with respect to experimental and model thermal decom- Bacillus atrophaeus (formerly Bacillus subtilis var. globigii)
position profileg16,20]. TGA and—DTG profiles of stan- [25], and Bacillus megaterium were prepared as described
dard proteins, dipicolinic acid, peptidoglycan, and polyhy- in the following procedures. A Bacillus culture was streaked
droxybutyric acid and their TGA mass spectrawere compared for isolation onto an agar plate containing trypticase soy agar
to that of the equivalent information from bacteria for bio- and 5% sheep’s blood and incubated overnight &tG37A
chemical identification purpos¢al]. single colony was streaked onto an agar plate and incubated
Investigations herein expand on the TGA-mass spec-at 37C for about 4-6h or until there was visible growth
trometry (MS) studies of bacteria where the microbiologi- on the plate. The bacterial growth was scraped from the
cal percent weight of select biochemicals and biopolymers agar plate and was suspended in sterile broth or saline. Five
in bacteria were compared to that of individual thermal hundred microliters of the bacterial suspension was pipet-
events observed in theDTG profiles of Gram-positive  ted onto the surface of nutrient sporulation media in an agar
spores and vegetative ce[B1]. The current work investi-  plate and spread evenly with a cell spreader. These plates
gates the modeling potential of the Arrhenius and rate of were incubated at 37 for 3 days until spore production
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reached 95-98%, and the spore generation was monitoredransition occurred was calibrated to the magnetic transition
using phase contrast microscopy. Vegetative cells appearedemperature of the respective metal standard.

as dark oblong cells in short or long chains exceptBor

atrophaeus. B. atrophaeus spores appeared as smaller, highly 2.3.2. Py-GC-IMS system

refractile bodies either within vegetative cells or free-floating. The pyrolysis sample processor in the Py—GC-IMS
Bacterial growth was scraped from the agar plates, washedconsisted of a Pyrex tube (4 mm i.d., 8mm o0.d., and 5¢cm
twice with 200 mL sterile water, and resuspended in sterile length) with a quartz microfiber filter (type QM-A, thickness
water. All cultures were autoclaved for 20 min to kill both  0.45mm, from Whatman, Hillsboro, OR) supported by
vegetative cells and spores. The killed bacteria were thena Pyrex frit inside the tubg22,23]. The Pyrex tube was
lyophilized. Organisms used in this study can be and were wrapped with a resistive heater filament (Omega Engineer-
handled and processed under minimal Biosafety level BSL-1 ing, Stamford, CT). The heating apparatus was used in two

conditions. modes of operation: (a) a 10s mode with the maximum
temperature in the tube at 120 for drying the moisture
2.3. Instrumentation and other low boiling volatiles after a sample was deposited
on the filter and (b) a subsequent pyrolysis mode with a
2.3.1. TGA-MS system maximum temperature of 46C in 7 s [22,23,27].
A Perkin Elmer Pyris 1 TGA was used for biological Samples were deposited as water suspensions on the

substance analysis, and a schematic of the TGA-MS sys-quartz microfiber filter. The resulting pyrolysis products
tem can be found elsewhef21]. A platinum sample pan  were transferred through a Silcoste&tube (Quadrex, New
(Perkin Elmer part # 319-0263) was freely suspended from Haven, CT, USA) atanisothermal temperature of 200The

the hang-down balance. A sample was deposited as a dryinjection valve transferred a portion of the sample into the
powder onto the platinum sample pan. The TGA furnace GC column (stainless steel, 4x10.50 mm i.d. Ultra Alloy)
assembly was continuously flushed from the top to the bot- coated with a 0.1Q.m layer of poly(dimethylsiloxane) from
tom of the furnace with helium at 50 mL mih. The Pyris 1 Quadrex (New Haven, CT, USA). The GC was kept in an
TGA was used to ramp a sample at 1, 5, 10, 20, 50, 100, andisothermal mode at 40C prior to pyrolysis. Ten seconds after
200K min1 and was calibrated to a temperature of 870K. the pyrolysis event, the GC was ramped from 40 to @0
The TGA system was set at an acquisition rate of five tem- at 120°C min~—. The airflow through the IMS detector was
perature weight loss points per second. A heated transferl5 mL min—1. The temperatures of the pyrolyzer, three-way
line was used to continuously transfer the thermally gener- injectionvalve, and GC column were monitored by using type
ated vapors to the mass spectrometer system. The 1 m lond thermocouples connected to in-house constructed control
180um i.d. deactivated fused silica transfer line (Alltech, electronic boards interfaced to a laptop computer.

# 602010) was heated and maintained at a constant tem- The pyrolyzer was kept at atmospheric pressure with a
perature of 220C. A Perkin Elmer TurboMass Gold mass flow of atmospheric room air, and the pyrolyzate was trans-
spectrometer was used as the detector, and isobutane waterred into the GC column during pyrolysis using a three-way
the chemical ionization (Cl) reagent gas. The Cl mode was valve. The exit of the temperature programmable GC col-
tuned by adjusting the flow rate of isobutane such that the umn was inserted behind the ring shaped nickel-63 ring ion
intensity ratio of ionsn/z 57-43 was maintained at a 2:1  source of the Chemical Agent Monitor IMS detector (General
ratio according to the recommendations of the manufacturer. Dynamics, DeLand, FL). The sub-ambient pressure gener-
The pressure inside the mass spectrometer at which this raticated by the IMS pump at the GC column outlet was utilized
was reached and maintained was 40E-4 Torr. The mass as a driving force for the air carrier gas flow during the
spectrometer is capable of acquiring scans at a maximumpyrolyzate transfer and injection steps into and through the
rate of 6000 Das!, and it was used to scan masses from GC column. Further details of the Py—-GC—IMS system con-
60 to 560 Da with a 1 Da mass resolution. This procedure figuration and parameters can be found elsew[28k

allowed the MS system to acquire up to five mass spec-

tra per second, and this data acquisition speed matched tha2.4. Prediction model theory for biological substance

of the TGA. The TGA calibration was performed using the thermal decomposition

manufacturer recommended magnetic transition temperature

approach with different standards. Alumel (magnetic tran-  The pyrolysis temperature gradient in the Py—GC—IMS
sition temperature =427.36 K), nickel (magnetic transition bioaerosol detection system heats a biological sample at a
temperature = 628.46 K), and perkalloy (magnetic transition rate of 3300 Kmir!, and this was measured by a type K
temperature = 869.16 K) magnetic substances were depositedhermocouple. Thirty three hundred per Kelvin per minute is
on the platinum pati26]. The pan was heated from 25 to  significantly faster than the maximum rate (200 K mihof
1000 K at 20 K mirrt. When the metals reached their respec- the laboratory TGA system. Thus, a predictive or modeling
tive magnetic transition temperature, they lost their magnetic approach for the experimental TGA thermal information was
field and registered a rapid weight loss against the pull of formulated in order to evaluate rapid heating decomposition
an external magnet. The temperature at which each magnetigprocesses occurring from a biological sample in the pyrolysis
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source of the bioaerosol detector. Modeling of the biolog- Assumption 4. The parallel thermal decomposition reac-
ical TGA curve also can provide information toward the tions that describe each major class of biochemical and
understanding of the experimental thermal behavior of small biopolymer in a bacterium proceed under first order kinet-
biochemical species, biopolymers, and bacteria. In order toics.

simplify the modeling procedure for a TGA curve, a number

of assumptions must be made. Based on these four assumptions, a mathematical model

f for the thermal decomposition kinetics of biological samples
fan be proposed. The model is based on the linear summation
of the independent thermal decomposition reaction pathways
of individual biochemical components in complex analytes
such as bacteria.

Assumption 1. Since the bacterial analyte is composed o
many biological components and substances, it is assume
that there are no biochemical interactions between the major
classes of biochemicals and biopolymers during the thermal
decomposition process. The assumption is that, for example,
the thermal degradation reactions of the protein component
do not influence or interact with that of the carbohydrate, Step 1. Assumption lallows the thermally decomposing
DNA, RNA, peptidoglycan, etc., components of the bac- biological sample to be viewed as an agglomerate of multiple
terium. This allows for extraction of pseudo-Arrhenius equa- biochemicals and biopolymers decomposing simultaneously.
tion kinetics parameter information. Thus, the biological sample can be characterized as:

Assumption 2. The thermal degradation reactions of the W = Z wi, i=1...,p (2)

major classes of biochemicals and biopolymers proceed in

parallel and not in series. That is and, for example, the set W is the total weight of the sample at timeand w; is

of thermal reactions governing the decomposition of pro- that part of sample weigh¥ that follows parallel reaction

teins are independent in time and sequence with respect tdPathwayi at timez. There argp numbers of parallel reaction

the set of thermal degradation reactions for the carbohydrate pathways proceeding concurrently.

DNA, RNA, etc., components. The biological decomposi-

tion processes between each major class of biochemical andtep 2. Assumption 2escribes the rate of sample weight

biopolymer are viewed as independent, and non-interactive. |oss as an aggregate of the rate of weight loss from each of
the parallel reaction pathways. The first derivative of @.

Assumption 3. Each of the local maxima in an experimen- i rospect to time produces the rate of weight loss:

tal —DTG curve (e.gFig. 1a) is a direct result of one or
more independent parallel reaction pathways as described indW > duw
Assumption 2. dr  dr

—— TGA Curve
— - DTG Curve

=1,...,p (2)

—— TGA (model)
0.75-| == - DTG (model)
------- TGA (hybrid)
----- - DTG (hybrid)

Normalized TGA and -DTG (a.u.)

0.50

0.25

0.00
400 500 600 700 800

Temperature (K)

Fig. 1. (a) Sigmoid-shaped, normalized experimental TGA curve, and the negative of the first derivative of the TGADTI@el§old curve) oB. atrophaeus
spores from the TGA at a heating rate of 200 K iin(b) Thin solid curve, model TGA; bold solid curve, modeDTG; thin dotted curve, hybrid TGA; bold
dotted curve, hybrid-DTG. Both TGA curves derive from the Arrhenius equation constants foBtheophaeus first and third thermal events. The second
event consists of a composite of the Arrhenius equation constants from the average TGA curves of six model proteins (s Seetioral events are
labeled 1-3.
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Step 3. Assumption 4relates the use of first order decom- Calculation of the FWHH parameter would yield misleading
position kinetics for each of the reaction pathways. Thus, results because of the poor resolution between peaks. There-

the following first order expression is used: fore, the conventional rate of reaction, K£8), is employed.
dw £ Eq.(4) characterizeg; andA;. By performing multiple TGA
A Z WioA; exp<_’> 1-x), i=1,...,p experiments at different heating rates, g ; values are

dr RT obtained for each heating rate. A plot of In(K2,, ;) and

1/Tmax,i produces a straight line lssumption 1is valid.

A; is the frequency factoE; the activation energyg the The slope of the straight line isE,-/R,. and the intercept
ideal gas constant] the temperature at time wio the ini- is In.(A,-R/'EI-). From the slope and the mtercgpt value of the
tial weight of that part of the sample that follows parallel Straightline, the value df; and4; are determined.
reaction pathway, andx; is the conversion of a biochemical
component that follows parallel reaction pathwaf timez. Using the values fod;, E; and the time—temperature his-

tory of the pyrolysis heating profile, E(B) is solved by the

Step4. Tosolve Eq(3),4; andE; must be determined. From finite elgment method on(time) with the initial condition
Assumption 3, the number of local maxima ir BTG profile that at timer=0,x=0.

of a biological substance determines the number of reac-

tion pathways wherg is the number of times the expression

d(dW/df)/dT=0 is true. This expression occurs at a thermal 3- Results and discussion

maximum characterized byla,ax temperature in the DTG

curve. Using the condition for a temperature maximum in 3-1. TGA linear programmed heating characteristics of
conjunction with Eq(3), the following equation is obtained B atrophaeus

as reported by Braun and Burnh§j.
Fig. 1a presents the sigmoid-shaped, experimental TGA,

H; —E; AiR and—DTG curves foB. atrophaeus. The heating rate applied
In +1In (4)

Tnzmi - RTmaxi to the solid sample was 200 K mih, which is the maximum
heating rate of the TGA system. Three distinct thermal events
H; isthe linear heating rate aff¢hay ;is the temperature at  can be observed, and they are labeled 1-3. Previous TGA-MS
which the rate of decomposition due to pathwisyat a maxi- studies ofB. atrophaeus spores showed that event 1 has mass
mum. Eq(3) shows that thd; frequency factor is a constant.  spectral characteristics of picolinic acid and cell wall peptido-
Braun and Burnhatjb], however, use a distributed activation glycan[21]. For the investigation of the rate of weight loBs,
energy (DAE) wherd; is a function of£; and the full width atrophaeus samples were subjected to decomposition at var-
at half height (FWHH) of a thermal peak inDTG curve. A ious heating rates from 2 to 20@ min~1, andFig. 2shows
—DTG curve of a bacterial thermal degradation experiment that the overall shapes and appearance ofb&G profiles
yields highly convoluted, poorly resolved peaks (vide infra). are similar. The three thermal events or peakBiq 1a are

i
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Fig. 2. Temperature vs-DTG profiles ofB. atrophaeus at heating rates of 1, 5, 10, 20, 50, 100, and 200 Kthin
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Fig. 3. Linear Arrhenius equation plots of the three thermal events from the experimé&ni& curve forB. atrophaeus in Fig. la.

transformed into Arrhenius plots (Fig. 3) according to &q. curve (Fig. 1a). The weight loss rate can be calculated for
in Section2.4, wheref, is the heating rate at 200 K nif, a given time—temperature point on a thermal decomposition
R the 1.987 cal (g mol K)!, andTmax is the temperature at  profile.Fig. 1b presents the modeDTG (bold solid) profile

the maximum of a thermal decomposition event. The slope for B. atrophaeus. A comparison of the experimental (Fig. 1a)
—EIR andy-intercept INn(AR/E) provide the activation energy, and model (Fig. 1b) TGA curves shows a high degree of
E in kcal/mol, and the effective collision frequency factéy, correlation over the temperature range. However, the model
respectively, for each thermal evefiaible 1provides theF displays a noticeable variation from linearity in the weight
andA constants for each thermal event in the experimental loss region between 600 and 700 K. This produces a better
—DTG curves ofB. atrophaeus. The regression coefficients, resolution of the model-DTG curve (Fig. 1a, bold solid)

r2, for the three plots ifrig. 3have excellent linearity char-  compared to the experimentaDTG curve (Fig. 1a). Note
acteristics at better than 0.97, and this supports the firstthatthe model-DTG curve displays the three thermal events
order kinetics hypothesis iAssumption 4. Eq(3) allows at approximately the san#nax values as that of the exper-

a model TGA curve (Fig. 1b, thin solid curve) to be con- imental—-DTG curve (Fig. 1a). However, event 3 is shifted
structed and compared directly to the experimental TGA from 694 K in the experimentatDTG curve to 698 K (0.6%

Table 1
Arrhenius linear equation parameters for proteins and bacterial components
Name Thermal event Activation energy, Frequency factord 2 Comments
E (kcal/mol)

B. atrophaeus spores 1 54.06 5.71E19 0.978 a

2 52.64 8.36E16 0.991 b

3 64.21 2.72E19 0.984 c
Insulin 2 51.18 1.05E17 0.995 5.7kDa
Myoglobin 2 41.68 1.32E13 0.999 16.9kDa
Beta-lactoglobulin 2 40.66 3.95E12 0.997 18.4kDa
Carbonic anhydrase 2 41.83 1.58E13 0.997 29.1kDa
Ovalbumin 2 45.30 1.34E15 0.996 42.7 kDa
BSA 2 43.24 1.66E14 0.999 64 kDa
B. cereus spores 1 41.13 1.65E14 0.990 d

2 37.28 2.74E11 0.999 b

3 65.10 5.00E19 0.977 c
B. megaterium Spores 1 50.21 4.24E17 0.993 d

2 39.79 3.65E12 0.997 b

3 65.72 1.08E20 0.996 c

a, Thermal event 1 contains mass spectral features of DPA and peptidof@¥tdm thermal event 2 contains mass spectral features of protein and peptidoglycan
[21]; ¢, fragments of fatty acids (data not shown); d, thermal event 1 contains mass spectral features of DPA, PHBA, and pepiRijglycan
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difference) in the modet-DTG curve. The model-DTG (bold solid curve) irFig. 1b. The second thermal event in the
curve provides an approximation for the three thermal events hybrid —DTG curve encompasses an area in a more similar
compared to the experimentaDTG curve. This was a first ~ fashionto the experimentalDTG curve (Fig. 1a) than that of
attempt at modeling a rate of reaction thermal weight loss pro- the model-DTG curve (Fig. 1b). Th@yax Of the first event
file from abacterium. The modelDTG curve cannot provide  isthe same in the experimental model and hybiaiT G pro-
mass spectral information, however, this was satisfactorily files. TheTyax0f the second event in the hybreDTG curve
supplied by the total ion mass chromatogram 213. (bold dotted curve) is shifted from the experimertdd TG

The second thermal event was shown to consist mainly of curve value of 652K (Fig. 1a) to a lower temperature value
protein species by the mass spectral informgdi. Since a of 636 K. The thirdTinax of 697 K in the—DTG model and
bacterium contains approximately 50% protein by weightand hybrid curves is slightly higher than that of the experimental
is the predominant biochemical component, this information —DTG curveTaxat 694 K. The hybrid-DTG curve appears
was used to replace the second event inRhetrophaeus to provide an advantage over the model curve in quantita-
model—DTG curve inFig. 1b. A hybrid—DTG curve was tive modeling aspects compared to the experimenaal G
constructed where the first and third events were retainedcurve. The model-DTG curve provides a competitive edge
from the experimental DTG curve ofB. atrophaeus, and the in the qualitativel max aspect of the thermal events compared
second event was replaced with a composite of six proteinsto the experimentalDTG curve.
(Table 1). The experimentatDTG curves of the proteins
are presented elsewhdl], and their Arrhenius equation 3.2, Other Bacillus TGA linear programmed heating
plots are presented ifig. 4. They all display a high degree  profiles
of linearity (Table 1), and the sigmoid-shaped experimental
TGA curve of each protein (data not shown) was used to  Fig. 5a presents 200 K mit thermal weight loss infor-
generate the Arrhenius equation constants. All six protein mation forB. cereus, and the sigmoid-shaped experimental
TGA profiles were combined such that each contributed one- TGA curve is similar to that oB. atrophaeus in Fig. 1a. The
sixth of the total protein information. The chosen proteins experimenta-DTG curve (bold solid curve) shows two clear
spanamass range of 5700-66,400 Da. This adequately coverghermal events, and a third thermal peak appears as a slight

the mass range of proteins containeflintrophaeus [28,29]. shoulder on the high temperature side of the second peak. The
The selected proteins provide arepresentative sampling of theArrhenius parameters used in the modeling of the experimen-
bacterial proteins’ mass range. tal TGA curve are listed iffable 1. For B. cereus, it appears

Fig. 1b presents the hybrid TGA curve (light dotted curve) that the mode-DTG curve (dashed curve) is more similar
and the hybrid-DTG profile (bold dotted curve), and they to the experimental-DTG curve with respect to resolution
can be directly compared to the experimental (Fig. 1a) and and quantitation than that &. atrophaeus in Fig. 1. The
model (Fig. 1b) TGA and-DTG curves, respectively. The third peak is not apparent in the modeDTG curve. The
dominant second thermal event in the hybr®TG curve hybrid protein—DTG curve (dotted curve) ifrig. 5a pro-
(bold dotted curve) is broader than that of the modBITG vides a satisfactory representation of the first thermal peak,

Insulin
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B-Lactoglobulin
Carbonic anhydrase
Ovalbumin

Bovine serum albumin

omE<{408@

In(HITax’)

'1 8 T T T T T T
1.50e-3 1.55e-3 1.60e-3 1.65e-3 1.70e-3 1.75e-3 1.80e-3

1/Tmax (1/K)

Fig. 4. Linear Arrhenius equation plots from the single peak, experimes2dIG curveg21] from each of the six model proteins.
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Fig. 5. Sigmoid-shaped experimental TGA (thin solid line) and experimental, (bold solid profile), model (dashed) and hybrid{@at@gyofiles of (a)s.
cereus spores and (bB. megaterium spores at 200 K mint.

but it displays a poorer representation of the second peak.shaped experimental TGA curve is similar in appearance to
The hybrid—DTG curve provides a low intensity yet distinct  that of B. arrophaeus andB. cereus. The Arrhenius parame-
third thermal peak that matches tiigax of the experimen-  ters used in the modeling of the experimental TGA curve for
tal —DTG curve. The second peak of the hybrid -TG curve B. megaterium are listed inTable 1. The modelDTG curve
(dotted curve) is shifted to a lower temperature (637 K) than (dashed curve) displays a satisfactdpaxmatch for all three
that of the experimental (662 K) and model (665KIPTG thermal peaks with respect to the experimertBITG curve.
curves, and this shift is similar in magnitude and direction The hybrid—DTG curve (dotted curve) provides a satisfac-
to the hybrid—DTG curve ofB. atrophaeus in Fig. 1b. The tory Tmaxmatch to peaks 1 and 3 but has a loWggy (635 K)

model —DTG curve is similar to the experimentalDTG compared to that of the experimentaDTG curve (653 K)
curve (Fig. 5a). for peak 2.

Fig. 5b presents experimental TGA curve ar@®TG
model information for the thermal processing &fmega- 3.3. TGA thermal weight loss comparison of the bacilli

terium. Two intense peaks are observed in all thre@TG
curves, and a third appears as a shoulder on the high temper- General trends can be observed for the three bacilli in
ature side of peak 2 in all threeDTG curves. The sigmoid-  Figs. 1 and 5. The experimental TGA curves for all three
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bacilli show that 75% of the sample is vaporized and approx- 3.4. Thermal modeling of the Py—-GC-IMS biodetection
imately 25% remains as char/tar on the heating pan. Thesystem with B. atrophaeus
experimental-DTG envelopes generally reside in the same
temperature range, and they display two clear thermal events The information content in a GC-IMS dataspace from
with the third event as a shoulder on the high temperature the briefcase Py—GC-IMS was examined and shown to pro-
side of peak 2. The modelDTG curves generally pro-  videinherent, invariant fundamental biochemical compounds
vide a satisfactornfmax match for all three peaks to that from Gram-positive spores and vegetative cells as well as
of their respective experimentalDTG curves, while the  Gram-negative celld 1]. Placing a Tee inthe GC and arrang-
hybrid—DTG curves provide a satisfactory match with peaks ing the IMS and a time-of-flight mass spectrometer in parallel
1 and 3. The second peak is dominated by proteinaceouswith each other produced this biochemical information. Pep-
material[21], and an attempt to model that peak with repre- tidoglycan macromolecules from Gram-positive cells and
sentative proteins in the hybridDTG curve appears to be  lipopolysaccharide (LPS) surface species in Gram-negative
somewhat less than satisfactory for all three bacteria. Thebacteria produced information rich pyrolyzate prod{itig.
hybrid —DTG curve for all three bacteria yield a lowEkax Pyrolysis produced 2-pyridinecarboxamide from the pep-
for peak 2 compared to that in their respective experimen- tide linkages between the polysaccharide macromolecules
tal —DTG curves. All three bacilli (Figsla and5) show a of peptidoglycan in the Gram-positive species and four 2-
similar peak amplitude trend for the three peaks in their exper- hydroxymyristic acid derivative compounds and two straight
imental—DTG curvesB. cereus andB. megaterium display chain fatty acids from the LPS in Gram-negative c{lls].
similar model—DTG curves (dashed curves) where the first ~ The Py—-GC-IMS uses a 3300 K mih heating rate to
and second peaks are of equal magnitude. The third thermalpyrolyze a solid sample. This does not allow fora TGA weight
event in the experimentatDTG curve is more noticeable loss profile that spans a timeframe measured in minutes such
and distinct forB. atrophaeus and B. megaterium than in as those irFigs. 1, 2, and 5. However, the operation of the
B. cereus, and this observation for peak 3 is the same in Py—GC-IMS system provides temporally selected portions of
the respective modelDTG curves. An opposite trend is  the thermal products after the pyrolysis event to be admitted
observed in the protein hybrid DTG curves for the mag-  into the GC column for separation and IMS detection. Repli-
nitude of peaks 1 and 2 in all three bacteria. They show a cate experiments witB. atrophaeus spores were performed
hybrid peaks 1-2 ratio that is greater than 1, and for the threeand pyrolyzate was admitted into the GC column at differ-
experimental -DTG curves (Figsa andb), the ratio isless  enttime delays after the onset of pyroly$ify. 6a presents a
than 1. series of 10 GC-IMS chromatograms. Each chromatogram is
In these comparisons, it appears that the medellG identified by a 0.5-sinterval between2and 7 s, where 7 sis the
curve provides a relatively better representation of the exper-total pyrolysis time. For the first, or left-most, chromatogram
imental —DTG curve than that of the hybrid with respect in Fig. 6a, very little pyrolyzate vapor was injected into the
to the Tmax parameter. However, the hybridDTG curve GC column between 2.0 and 2.5 s after the onset of pyrolysis.
shows a much greater degree of similarity in peak overlap The vertical dark line in each GC-IMS dataspace represents
compared to the experimentaDTG curve in all three bac-  the protonated water molecule cluster gaseous reagentions or
teria than the modetDTG curves. Inclusion of the proteins  reactant ion peak (RIF24]. The nickel-63 ring beta energy
in the modeling results in a greater degree of peak over- electron emitter ionizes the atmospheric air. A cascade of
lap in the hybrid—DTG curve with respect to the model reactions thatinclude nitrogen creates a plasma of protonated
—DTG curve. Thus, the hybrid case models the experimental water clusters inside the nickel ring. As neutral sample elutes
—DTG curve to a better degree than the modBITG curve from the GC column, proton transfers ionize those species
with respect to the high degree of overlap between peaks 1with a proton affinity greater than that of water. The ionized
and 2. sample appears at alonger IMS drift time, and the protonated
In general, the model and hybridDTG curves provided  water becomes a neutral species. A decrease or disappear-
a good match to the experimentaDTG curve with respect  ance of the RIP results from a proton transfer to an analyte
to temperature maxima, but the peak shapes did not matchmolecule. A reduction or absence of analyte from the GC
or fit to a satisfactory degree. The model and hybrid plots then allows the RIP to reappear.
were not derived from using biochemical component initial The two points at the lower left iRig. 6b on the graph at
fraction weights,w;g, as fitting parameters. Rather, experi- 2.25s represent replicate summations of the GC-IMS datas-
mental and known values of the initial fraction weights were pace at 2.0-2.5s (Fig. 6a) after the onset of pyrolysis. The
used in the rate of weight loss (E@®)) for a fit to the exper-  two points represent a total of five replicate experiments,
imental —-DTG curve. The experimental weight loss values and all subsequent sets of experimental points consist of
originated between two thermal events or inflection points five replicates. The portion of the GC-IMS dataspace in the
in the TGA curve. The established known parameters were summation includes all peak intensities between IMS drift
based on bacterial percent composition values of the majortimes of 5.2—11 ms and GC retention times of 5.0-50s. The
biochemical components and macromolecular biopolymers next set of experimental points at 2.75s represents repli-
[21]. cate summations of the GC-IMS dataspace at 2.5-3.0 s after



96 A.P. Snyder et al. / Thermochimica Acta 437 (2005) 87-99

2-2.5 253 335 3.5-4 4-4.5 4.5-5 6-5.5 _5,5-6 6-6.5 6.5-7

PV EREEE

750

-

700

650 -

600 -

Point Plot S/N

550

Pyrolysis Temperature (K)

500 -

4 5 6 7
Py-GC-IMS Pyrolysis Time (sec)

Fig. 6. Py—GC—-IMS thermal product information Br arrophaeus spores. (a) Experimental GC-IMS dataspaces that represent successive 0.5s injections

of pyrolyzate vapor products into the GC. (b) The pyrolysis heating temperature is represented by a bold line that reaches a plateau at 7-9s. A cubic splin
profile was constructed about the plotted points (point plot). Each point represents the average of the peak intensity summation in a GC-IMS dataspace frot
the respective 0.5s GC injection interval in (a). The gray solid curve representfhi@ profile of the model TGA curve (not shown), and the dotted curve

is the—DTG profile of the hybrid TGA curve (not shown).

pyrolysis. This continues with five replicate experiments per degree of resolution for the firsttwo thermal peaks. The model
0.5-s sample introduction period into the GC column. In and hybrid curves irFig. 6b display a low intensity peak
summary, all Py—GC-IMS experiments utilized a total pyrol- 3, because the models originate from the TGA three-peak
ysis time of 7s, and 0.5 s temporal slices of the pyrolyzate model as used ifig. 1b. The third peak is absent from the
vapor was injected into the GC column. Each replicate set Py—-GC—IMS data, and this can be explained by the relatively
of points inFig. 6b has an example GC-IMS dataspace in cold, room temperature IMS detec{dd]. It is possible that
Fig. 6a. The GC-IMS dataspace becomes more populatedhe biochemical origin of the third peak represents fatty acid
with intensities at 4—6 s pyrolyzate injection times. In most species as suggested by mass spectrometry interrogation of
of the GC-IMS dataspaces kig. 6a, as GC retention time  the equivalent IMS detector resporj$é,21]. The fatty acid
increases, relatively more biological signals are observed. Asspecies pass through the heated GC and are detected by the
the GC retention time increases even further, a lower amountheated mass spectrometer. However, the parallel IMS system
of sample elutes, and the RIP becomes the dominant signaldoes not register the presence of the fatty acids because of
A cubic spline profile (bold solid curve) was constructed to the room temperature characteristic of the detector. Adsorp-
fit the points inFig. 6b. The resulting Py—GC—IMS point plot  tion of the fatty acids onto the cold surfaces of the IMS
profile clearly shows two thermal events labeled 1 and 2, detector may prevent their detection. Overall, it appears that
even though they display a considerable amount of overlap.the Py—GC—IMS system produces a somewhat qualitatively
The pyrolyzer temperature variation (bold line that reaches a similar experimental-DTG curve compared to that of the
plateau at 7-9 s) over the 7 s heating time is showrgn6b. model and hybrid curves (Fig. 6b) with respect to hex

Fig. 6b also presents the model and hybrid differential values.
thermal curves of the products from the Py—GC-IMS. The
algorithms used for the construction of the model and hybrid 3.5. Thermal modeling of the Py-GC—-IMS with other
—DTG curves inFig. 1b were also applied to that iig. 6b bacilli
except a rapid heating rate of 3300 K minwas used instead
of a controlled 200 K min*. Therefore, the model and hybrid Fig. 7 presents GC-IMS information and thermal weight
differential curves derived from the Py—GC-IMS point plot loss information from the pyrolysis @&. cereus spores with
can be thought of as virtuatDTG 3300 Kmir? curves. the Py—GC-IMS system. A cubic spline profile (bold solid
The Timax for peak 1 in the model and hybridDTG curves curve) was constructed to fit the points kig. 7b. Model
(solid gray and dotted curves, respectively) are the same atand protein hybrid-DTG curves are superimposed on the
618K. The peak Z'max for the hybrid curve is similar to  experimental GC-IMS point plot (Fig. 7blrig. 7a shows
that of the point plot at 680K (Fig. 6b). Peak 2 for the successive 0.5s GC-IMS dataspace spectra of the pyrolysis
model curve is somewhat higher in temperature at 693 K. of B. cereus, andFig. 7b shows replicate points per GC injec-
The Py—-GC-IMS point plot displays a high degree of peak tion time originating from the summation of the GC-IMS
overlap, and the model and hybrid curves have a very high dataspace signals. The pyrolysis heating temperature curve
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Fig. 7. (aand b) Py—GC-IMS thermal product informationBotereus spores; se€ig. 6 caption for details.

(bold line with a plateau at 7-9 s) is shownHig. 7b for the Fig. 8provides Py—GC-IMS thermal decomposition infor-
biodetection system. One relatively wide peak is observed in mation for B. megaterium. Fig. 8a shows successive 0.5s
the point plot. Because of the relatively poor resolution, it is GC—IMS dataspaces consisting of the pyrolyzate species of
possible that a second thermal event is present as a shouldeB. megarerium spores. The summation value of all the inten-
at5.75 s onthe 4.75 s major peak in the point plot. The hybrid sities in a GC-IMS dataspace (Fig. 8a) is plotted as a point for
curve (dotted) appears to provide a qualitative similarity to GC injection time versus total intensity Fig. 8b. A cubic

the point plot curve. The model curve (solid gray) shows two spline profile (bold solid curve) was constructed to fit the
distinct thermal peaks where the first peak is similar to that points inFig. 8b. The pyrolysis temperature (bold line with

in the hybrid curve. The hybrid curve displays a low inten- a plateau at 7-9 s) over the heating time is showRign 8b

sity shoulder on the high temperature side of peak 1 at theand is the same as that for the other bacilli (F&fsand7b).
same pyrolysis time as that of the model curve withax The point plot shows two clear thermal events that have a
of 712 K. The second broad peak in the point plot at approx- high degree of overlap, and there is no clear peak or shoulder
imately 5.75s appears at a lower GC injection time at 6.5 s indicating a third thermal event (Fig. 8b). The model curve
after pyrolysis than that for the model and hybrid curves. The (gray solid curve) has two major peaks that are resolved, and
hybrid curve provides a more satisfactory description of the both peaks have high@&k,axvalues than their point plot coun-
point plot than the model curve. terparts. The second peak in the model curve has a similar
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Fig. 8. (a and b) Py—GC-IMS thermal product informationBormegaterium spores; se€ig. 6 caption for details.
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peak width as that in the point plot, and thigax occurs at species were subjected to kinetic analyses of their thermal
a higher temperature (703 K) than that of the point plot at decomposition under 200 and 3300 K minrates of heat-
690K. ing. The fundamental rate of reaction and temperature change
The hybrid curve (dotted) shows two distinct peaks with equations were used to calculate models of thermal decom-
a low intensity third peak at 6.75s. The hybrid curve has a position profiles of Bacillus bacterial spore species. TGA
high degree of overlap for all three peaks. Both model and weight loss information was transformed it TG pro-
hybrid curves display peak 1:2 ratios opposite to that of the files which accentuated groups of biochemical compound
point plot. The first peak is smaller than the second peak in losses from the solid bacterial analyte in the heating pan.
the point plot, while the model and hybrid curves show the The biochemical compound groups were manifested as dis-
opposite trend. tinct thermal peaks in the DTG curves. This information
was qualitatively compared to the thermal processing of the
same bacterial spores by the Py—GC—-IMS outdoors fielded
bioaerosol detector. An overall similarity was observed
between the thermal features in the experimental, model,
Figs. 6b, 7b, and8b display two major thermal peaks and hybrid—DTG curves for the TGA and Py-GC-IMS
from the pyrolysis generated point plots that show increasing experiments.

3.6. Py—-GC-IMS thermal weight loss comparisons of
the bacilli

resolution in the ordeB. cereus, B. atrophaeus, andB. mega-
terium. The three bacilli occupy sufficiently different group-
ings/branches in the taxonomic phylogenetic tfae,31]

TGA-MS provided laboratory information in the charac-
terization and interpretation of the heating parameter effects
and their inter-relationships with respect to the outdoor-

based on the V1-V3 region of the 16S rRNA. This differen- fielded Py—GC-IMS bioaerosol detector for microorganisms.
tial taxonomic branching structure may partially account for The TGA-MS was also used to modify, optimize, and refine
the relative differences in inherent biochemical constituents the heating parameter settings on the pyrolysis module in the
that can provide an overall pyrolyzate compound distribu- Py—GC—-IMS for bacterial analysis.

tion. These distributions may be diverse enough to partially ~ The outdoors bioaerosol Py—GC-IMS detection system
account for the different degree of resolution in pyrolyzate appears to produce similar thermal product evolution infor-
generation time and hence resolution of the two main groupsmation compared to that of a more sophisticated TGA

of thermal species shown in Figdh, 7b, and8b.
The model and hybrid-DTG curves of each Bacillus
organism display a greater resolution of the first two ther-

system.

mal peaks than that of their respective point plots. It appearsReferences

thattheB. cereus andB. megaterium model and hybrid curves
have highefTnax values for the first two peaks compared to
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4. Conclusions
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