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Abstract

Recent studies have shown that engineered nanoparticles (ENPs) are incorporated into toner 

powder used in printing equipment and released during their use. Thus, understanding the 

functional and structural composition and potential synergistic effects of this complex aerosol and 

released gaseous co-pollutants is critical in assessing their potential toxicological implications and 

risks. In this study, toner powder and PEPs were thoroughly examined for functional and 

molecular composition of the organic fraction and the concentration profile of 16 Environmental 

Protection Agency (EPA)-priority polycyclic aromatic hydrocarbons (PAH) using state of the art 

analytical methods. Results show significant differences in abundance of non-exchangeable 

organic hydrogen of toner powder and PEPs, with a stronger aromatic spectral signature in PEPs. 

Changes in structural composition of PEPs are indicative of radical additions and free-radical 

polymerization favored by catalytic reactions, resulting in formation of functionalized organic 

species. Particularly, accumulation of aromatic carbons with strong styrene-like molecular 

signatures on PEPs is associated with formation of semivolatile heavier aromatic species (i.e., 
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PAHs). Further, the transformation of low molecular weight PAHs in the toner powder to high 

molecular weight PAHs in PEPs was documented and quantified. This may be a result of 

synergistic effects from catalytic metal/metal oxide ENPs incorporated into the toner and the 

presence/release of semi-volatile organic species (SVOCs). The presence of known carcinogenic 

PAHs on PEPs raises public health concerns and warrants further toxicological assessment.

Introduction

It has been established that toner-based printing equipment, such as laser printers and 

photocopiers, release particles in the ultrafine/nano size range (PM0.1, particulate matter 

with aerodynamic diameter less than 100 nm) (1–4). More recently, it was established that 

the toners used in printing equipment, such as laser printers and photocopiers, have become 

nano–enabled products (NEPs) since various engineered nanoparticles (ENPs) were added to 

their formulation in order to enhance printing quality. Such nanoscale additives include iron, 

titanium, silicon, copper, manganese, sulfur, aluminum, tin, zinc, and manganese, mostly as 

oxides (1,2,5). Further, it was previously concluded by our group, that such ENPs are 

released and become airborne during use (printing) (1,6,7).

It has been shown that ENPs due to their nanoscale size may penetrate into the deepest 

regions of the lungs and settle in the alveoli; thus, potentially translocating into the blood 

stream to induce harmful effects (8–13). For example, intratracheal instillation of silica-

coated zinc oxide led to a significant dose-response inflammatory response evident by an 

increased presence of neutrophils and myeloperoxidase, lactate dehydrogenase and albumin 

in the bronchoalveolar lavage fluid of the exposed rats (12).

A number of studies have focused on the exposure characterization of emissions from laser 

printers (14). Early on, it was documented that an increase in particle number concentrations 

of up to 3.8×104 particles/cm3 with a count median diameter varying from 40–76 nm in an 

office during printing, which suggests the majority of measured particles have sizes less than 

100 nm (PM0.1) (15–17). Other studies (4)Schripp, Wensing [1]Schripp, Wensing 

[1]Schripp, Wensing [1] also reported PM0.1 was emitted from laser printers at 

concentrations of 1.1×105 to 2.2×106 particles/cm3 with aerodynamic diameters in the range 

of 22–40 nm. In addition to laser printers, a recent industry wide exposure assessment of 15 

photocopy centers in Massachusetts; confirmed high particle concentrations from 1.9×103 to 

2.3×104 particles/cm3 and reached levels as high as 2.17×105 particles/cm3 (6). Previous 

publications have documented high levels of PM0.1 concentrations over 1.4×106 particles/

cm3, which were up to 12 times higher than the background levels (7).

More recently, our group has developed a Printer Exposure Generation System (PEGS) to 

systematically generate and sample airborne PEPs (2). The PEGS was used to perform a 

thorough physicochemical and morphological assessment of PEPs for eleven widely used 

laser printers. The study concluded that laser printers currently in the market could emit over 

106 particles/cm3. Moreover, the PM released had mean particle diameters ranging from 39 

to 138 nm (2). More importantly, it has been confirmed that several ENPs were incorporated 

into toner formulations (e.g., silica, alumina, titania, ceria, iron oxide, zinc oxide, copper 

oxide, and carbon black, among others) and released into the air during printing. The 
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analyzed toner powders contained large amounts of organic carbon (OC, 42–89%), metals/

metal oxides (1–33%), and elemental carbon (EC, 0.33–12%). Similarly, the PEPs had a 

chemical composition comparable to that of the toner, which contained 50–90% OC, 0.001–

0.5% EC and 1–3% metals. While the chemistry of the PEPs generally reflected that of their 

toners, considerable differences were documented, which are indicative of potential 

transformations taking place during consumer use (printing). However, the organic 

speciation of PEPs and formation mechanisms remained unknown.

As far as the evaluation of potential toxicity of the PEPs, evidence continues to grow in the 

published domain as summarized in a review paper (14) and includes both in vitro and in 
vivo toxicological studies as well as human health studies. In our previous studies, it was 

found that human small airway epithelial cells, microvascular endothelial cells, 

macrophages, and lymphoblasts showed substantial changes in cell viability, production of 

reactive oxygen species, release of inflammatory cytokines and modifications to the DNA 

methylation machinery (18–20). Animal experimental models have also confirmed the 

findings stated previously, including upregulation of neutrophils, macrophages and changes 

in the expression of genes that are involved in both the repair process from oxidative damage 

and the initiation of immune responses to foreign pathogens (21,22). Various 

epidemiological studies with detailed exposure characterization data have been done in 

photocopy centers. Specifically, one group (23) observed a significant increase in 

inflammatory and oxidative DNA damage indicators in individuals exposed to emissions 

from photocopiers. Elango and colleagues (24) performed a more detailed assessment in 

copier operators in India and discovered that the workers were experiencing higher 

prevalence of nasal blockage, cough, excessive sputum production, and breathing difficulties 

in addition to elevated markers for oxidative stress and lower albumin to globin ratio, among 

other important health parameters. Other investigators evaluating the health of photocopier 

operators in various countries have identified similar findings as those previously mentioned 

(25–27).

Here, emphasis was given to the in situ functional and molecular composition of the PEPs-

associated organic fraction and its relationship to precursor organic compounds in toner 

powder. By using nuclear magnetic resonance (NMR) spectroscopy, we identified the 

abundant functional groups and species in PEPs and toner powder to determine which 

organic species are present in PEPs. Further, we aimed to understand whether compounds 

formed during the printing process are enriched in PEPs due to interactions of gaseous and 

ENP byproducts of the printing process. NMR spectroscopy allows for the characterization 

of ultra-complex and multiphase samples as a whole in a non-destructive, repeatable and 

consistent manner. In addition to NMR analysis, specific attention has been paid to 

polycyclic aromatic hydrocarbons (PAHs), which can be formed due to the elevated 

operating temperatures during the printing process (e.g., approximately 200°C) and potential 

synergistic interactions due to the presence of catalytic ENPs, which may result in formation 

of highly mutagenic oxygenated and nitrated polycyclic aromatic compounds (28). We 

hypothesize that the release of low molecular weight gaseous PAHs (LMPAHs) from toner 

powders and co-existence with nanoscale catalytic ENPs added in the toners (i.e., Fe, Al, 

Cu, Ti, among others) can enrich the high molecular weight PAHs (HMPAHs) of PEPs and 

increase their carcinogenic potential; thus, creating a nano-specific mechanism of deposition 
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of such toxins in the lung. This is a critical knowledge gap and a detailed chemical 

speciation of PEPs is needed in order to identify mechanistic pathways and potential adverse 

health effects.

Experimental

Generation and collection of size-fractionated PEPs and toner powder

The exposure platform (PEGS) recently developed by our group was used for the generation 

of the exposures and sampling of PEPs. Detailed descriptions of the PEPs generation, 

collection and extraction methods used have been published elsewhere (2,5)[2][2][2]. 

Briefly, a high emitting laser printer (identified as B1 in previously published studies) was 

placed inside an environmental chamber and set to print single-sided monochrome 

documents with a 5%-page coverage. PEPs were collected during the use of the laser printer 

and separated into different size fractions (PM0.1 and PM2.5) on polyurethane foam 

substrates (PUF) and Teflon filters using the Harvard Compact Cascade Impactor, which 

operated at 30 l/min according to the nominal equivalent cutoff diameters at 50% efficiency 

(52)[3][3][3]. The PUF substrates and filters were weighed pre- and post-sampling following 

a 48-hour stabilization process in a temperature- (22°C ± 1) and humidity- (43% ± 2) 

controlled environmental chamber utilizing a Mettler Toledo XPE analytical microbalance. 

After sampling the size-fractionated PEPs, the particles were extracted from the collection 

filter into deionized water (DI H2O) using an aqueous suspension methodology (5,53,54). 

Toner powder was also retrieved from laser printer toner cartridges and transferred to clean 

scintillation vials for subsequent chemical analysis.

NMR Spectroscopy

The collection media were ultrasonically extracted with 2 ml of ultrapure H2O, lyophilized 

using a Speed-Vac system, and transferred with 400 µl of H2O to 5.0 mm Norell NMR tubes 

for analysis. An aliquot of 200 µl of a HPO4
2−/H2PO4

− (pH 7.4), (trimethylsilyl)propionic 

acid-d4 (TSP-d4 1mM) and NaN3 (3mM) solution in D2O/H2O (30/70 v/v) was added. NMR 

spectra were acquired at 300 K using a Bruker Avance III spectrometer operating at 600.17 

MHz with a protonoptimized triple resonance “inverse” 5-mm cryogenic probe CP 

TCI600S3 H-C/N-D-05 Z fitted with an actively-shielded single axis z-gradient, and digital 

quadrature detection (DQD, 10 µs prescan delay) using TopSpin 3.5/PL6 software (Bruker 

BioSpin Corp., Billerica, MA).

1D 1H and 2D 1H-1H experiments

1-D 1H NMR spectra in H2O/D2O 90/10 v/v were recorded with a gradient-based zgesgp 
pulse sequence and solvent suppression with 1D excitation sculpting using 180 water-

selective pulses, 1.7 s acquisition time, 10.55 µs 90° excitation pulses (p1), 1 s relaxation 

delay (d1), 2048 scans, 32k total data point and 0.3 Hz exponential line broadening.

Phase sensitive 2D 1H-1H double quantum filter correlation spectroscopy (DQF-COSY) 

with gradient cosydfesgpph pulses and solvent suppression using 1D excitation sculpting 

were recorded using acquisition times of 0.1420 s in F2 and 0.0355 s in F1, 10.62 µs 90° 

excitation pulses (p1), 2 s relaxation delay (d1), 32 scans/512 experiments, 2k total data 
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point and F1 States-TPPI acquisition mode. The spectrum was computed to a 2048×1024 

matrix with 1Hz (F2) and 0.3 Hz (F1) exponential multiplication and squared shifted sine 

bell in both dimensions (Π/9).

Total correlation spectroscopy (TOCSY) (dipsi2esgpph) with homonuclear Hartman-Hahn 

transfer using mixing sequence DIPSI-2 (decoupling in presence of scalar interaction, 

dipsi2ph), water suppression, excitation sculpting with gradients (ES element) and F1 

States-TPPI States-Haberkorn-Ruben method-time proportional phase incrementation) 

acquisition mode for indirect detection was recorded with acquisition times of 0.1310 s in F2 

and 0.0327 s in F1, 10.65 µs 90° excitation pulses (p1), 1.5 s relaxation delay (d1), 60 ms 

mixing time (d9), 32 scans in F1 over 512 experiments in F2, spectral width of 7812 Hz 

(13.01 ppm), frequency offset of 2820 Hz (4.7 ppm) and 2k total data point. The spectrum 

was computed to a 2048×1024 matrix with 1Hz (F2) and 0.3 Hz (F1) exponential 

multiplication and squared shifted sine bell in both dimensions (Π/2).

2D nuclear Overhauser effect spectroscopy correlation (NOESY) with water suppression 

using excitation sculpting with noesyesgpph gradients was recorded with acquisition times 

of 0.1310 s in F2 and 0.0328 s in F1, 7 µs 90° excitation pulses (p1), 1.5 s relaxation delay 

(d1), 300 ms mixing time (d8), 32 scans in F2 over 512 experiments in F1, spectral width 

(SW) 7812 Hz (13.02 ppm), frequency offset (O1) 2821 Hz (O1P 4.7 ppm) and 2k total data 

point. Spectrum was computed to a 2048×1024 matrix with 1Hz (F2) and 0.3 Hz (F1) 

exponential multiplication and squared shifted sine bell in both dimensions (Π/2).

Toner powder (~8 mg) was dissolved in 600 µL CDCl3 (99.95% 2H) containing 0.1 % v/v of 

trimethylsilane as internal standard (Aldrich, Steinheim, Germany). The solubility of toner 

powder in D2O was extremely limited, making 13C detection impractical. The change in the 

chemical shift can be accurately assessed following a previously published method (55). 1-D 
1H-NMR spectra of toner powder in CDCl3 were recorded with the conventional zg30 pulse 

sequence, 2.32 s acquisition time, 8 µs 90° excitation pulses (p1), 1 ms relaxation delay (d1), 

512 scans, total data point 65K (TD), 0.3 Hz exponential line broadening.

Magnitude-mode gradient-enhanced ge-2D COSY were recorded using cosygpppqf gradient 

pulses for selection and using purge pulses before d1, using acquisition times of 0.1638 s in 

F2 and 0.0102 s in F1, 7 µs 90° excitation pulses (p1), 2 s relaxation delay (d1), 128 

scans/128 experiments and Total Data point 2K (TD). Single phase detection QF (quadrature 

off) was used for F1 indirect detection. Spectrum was computed to a 2048×1024 matrix with 

1Hz (F2) and 0.3 Hz (F1) exponential multiplication and squared shifted sine bell in both 

dimensions (Π/9).

Phase-cycled TOCSY with homonuclear Hartman-Hahn transfer using mixing sequence 

DISPSI-2 and F1 States-TPPI (States-Haberkorn-Ruben method-Time proportional phase 

incrementation) acquisition mode was recorded with acquisition times of 0.1420 s in F2 and 

0.0177 s in F1, 5.22 µs 90° excitation pulses (p1), 2s relaxation delay (d1), 80 ms mixing 

time (d9), 64 scans over 256 experiments, spectral width of 7211 Hz and 2k total data points. 

The spectrum was computed to a 2048×1024 matrix with 1Hz (F2) and 0.3 Hz (F1) 

exponential multiplication and squared shifted sine bell in both dimensions (Π/2).
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NOESY spectra were obtained with noesygpph gradient pulses during mixing time with 

acquisition times of 0.1420 s in F2 and 0.0177 s in F1, 7.24 µs 90° excitation pulses (p1), 2 s 

relaxation delay (d1), 300 ms mixing time (d8), 64 scans in F2 over 256 experiments in F1, 

spectral width of 7812 Hz (13.02 ppm), frequency offset (O1) 2821 Hz (O1P 4.7 ppm), 2k 

total data point and F1 TPPI acquisition mode. The spectrum was computed to a 2048×1024 

matrix with 1Hz (F2) and 0.3 Hz (F1) exponential multiplication and squared shifted sine 

bell in both dimensions (Π/2).

2D 1H-13C experiments

2D Heteronuclear 1H-13C correlation spectra of toner powder and PEPs in CDCl3 and 

H2O/D2O, respectively, were recorded using the same pulse sequences. Phase-sensitive 
1H-13C correlation via double inept transfer HSQC spectra (hsqcetgp) using echo-antiecho 

gradient selection (F1 detection mode) with decoupling during acquisition and trim pulse 

sequences in inept transfer were acquired under the following conditions: 64 scans in the F2 

dimension over 256 experiments in the F1 dimension, 1024 data points (TD, F2), 1J CH 

coupling constant 145 Hz (CNST2), 16 dummy scans (DS); F2 (1H) parameters: spectral 

width (SW) of 7812 Hz (13.02 ppm), frequency offset (O1) of 2821 Hz (O1P 4.7 ppm), 

acquisition time 65.5 ms, 7 µs (10.65 µs for PEPs samples in H2O/D2O) 90° excitation 

pulses (p1), 1.5 s relaxation delay (d1); F1 (13C) parameters: SW= 24 902 Hz (165 ppm); O1 

11318 Hz (75.0 ppm), acquisition time 5.1 ms, garp composite pulse 13C decoupling 

program (60 µs PCPD2).

1H-13C correlation via heteronuclear zero and double quantum coherence HMBC spectra 

(Heteronuclear Multiple Bond Coherence; hmbcgplpndqf) with low pass J-filter to suppress 

one-bond correlations, no decoupling during acquisition and gradient pulses for selection 

were acquired in the magnitude mode (QF in dimension F1) with aq = 149 (F2)/2 (F1) ms 

and d1 = 1.44 s, 7 µs (10.56 µs for PEPs sample in H2O/D2O) for 90° excitation pulses (p1), 

128 scans in the F2 dimension over 128 experiments in the F1 dimension, 2048 data points 

(F2). In the F2 (1H) dimension, spectral width (SW) was of 7812 Hz (13.02 ppm) and 

frequency offset (O1) was of 2821 Hz (O1P 4.7 ppm); in the F1 (13C) dimension, SW was of 

33 204 Hz (220 ppm) with O1 of 15091 Hz (100.0 ppm). HSQC and HMBC NMR spectra 

were computed to a 2048×1024 matrix. HSQC were computed with exponential line 

broadening of −20 Hz in F2 and 3 Hz in F1 and a square shifted sine bell (Π/2). HMBC 

spectra were computed with a normal sine bell function (SSB value set to 0). Gradient (1 ms 

length (p16), 200 µs recovery (d16)) enhanced sequences were used for all 2D NMR spectra.

PAH Analysis

Pristine toner powder and the Teflon filter containing the PEPs (PM0.1 and PM2.5) were 

spiked with a deuterated PAH internal extraction standard (Acenaphthene-d10, 

Phenanthrene-d10, Chrysene-d12 and Perylene-d12; Ultra Scientific, North Kingston, RI, 

USA) and equilibrated at room temperature for 24 hours. The samples were extracted with 

15 ml 1/1 (v/v) n-hexane/acetone by sonication in ice water for 1 hour. The extracts were 

loaded into a pre-conditioned StrataR SI-1 Silica (55 µm, 70 Å), 200 mg/3 mL solid phase 

extraction cartridge (details in SI; Phenomenex, Torrance, CA). PAHs were coeluted with 3 

ml of n-hexane and 6 ml of methylene chloride and concentrated under a gentle stream of 
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nitrogen in a water bath at 35°C. All samples were analyzed on a Shimadzu QP2010S gas 

chromatographic - mass spectrometer equipped with a Restek Rxi-XLB capillary column 

(30 m × 0.25 mm i.d. × 0.25 µm film thickness). The temperature ramp was splitless 

injections at 280°C, oven temperature increased from 60°C to 150°C at a rate of 25°C/min 

(held 1 min), temperature increased to 280°C at a rate of 15°C/min (held 2 min), 

temperature increased to 320°C at a rate of 5°C/min and column held at 320°C for 5 min).

The identification and quantification of PAHs was done using reference standards (Ultra 

Scientific, North Kingston, RI, USA). Also, to further differentiate the compositional 

differences of toner powder and PEPs, PAHs concentration diagnostic ratios were taken into 

consideration. Such ratios for LMPAHs and HMPAHs are used to reconcile their presence in 

the atmosphere with potential emission sources (56).

Benzo(a)pyrene (BaP) Equivalent Toxicological Concentration Estimates

Benzo(a)pyrene (BaP) equivalent (e-BaP) toxicological concentration of the PEPs, which 

takes into consideration TEFs of various PAHs (57), was also calculated for all samples. 

These factors were derived based on the relative toxicity of BaP, which has been examined 

most extensively in PAH toxicity studies and determined to be a probable (2A) or possible 

(2B) human carcinogen (58). Taking these TEFs into consideration, an e-BaP concentration 

can be calculated as a summation of the product of individual PAH concentrations and the 

respective TEFs: e-BaP concentration = Σ16(TEF × PAH concentration), where Σ16 refers to 

summa]on over the 16 EPA-priority PAHs. The e-BaP toxicological concentration can be 

defined as the concentration of BaP that is equivalent in toxicity to a mixture of PAHs 

assuming there are similar toxicological mechanisms for all PAHs. It must be noted that this 

calculation represents only the cumulative PAH contribution to toxicity based on chemical 

toxicology and not on nanomaterial related data that do not exist in published literature.

Results and discussion

Functional composition

The high-field 600-MHz 1H-NMR spectra with cryogenic detection of the toner powder, fine 

(PM2.5) and ultrafine (PM0.1) PEPs with solvent suppression showed a combination of 

convoluted and sharp resonances (Fig. 1). From the higher to lower magnetic fields, the 

spectra were composed of non-exchangeable organic hydrogen atoms attached to sp3-

hybridized aliphatic carbon (HCCC; δH: 0.7 – 1.8 ppm; Fig. 1a), non-exchangeable organic 

hydrogen atoms attached to sp3-hybridized aliphatic carbon in α-position of an allylic (HC-

C=C), acetate (HC-C(=O)-O) or imino (HC-C=NR2) group (δH: 1.8 – 3.2 ppm; Fig. 1b; 

“allylic” analogue, thereafter), non-exchangeable organic hydrogen atoms attached to 

oxygenated and methoxy (HC-O; δH: 3.3 – 4.5 ppm; Fig. 1c) groups, non-exchangeable 

organic hydrogen atoms attached to sp2-hybridised carbon (RCH= CH-R) and anomeric 

protons in anhydrides (O-CH-O) (δH: 5.0 – 6.7 ppm; Fig. 1d) and non-exchangeable organic 

hydrogen atoms attached to aromatic carbon (H-Car; δH: 6.7 – 8.3 ppm; Fig. 1e) NMR 

resonances. The prevalence of convoluted resonances generated from overlapping signals 

with a considerable variance in abundance was higher for high-field resonances (δH < 3.0 

ppm) in toner powder and decreased rapidly for PEPs (PM2.5 and PM0.1). Strong 
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superimposed sharp NMR resonances were indicative of the predominance of individual 

chemical homologues or species. The abundances of sharp resonances were more 

pronounced in the aliphatic section as compared to those in the oxygenated and aromatic 

ranges (Fig. 1).

The concentrations on the non-exchangeable organic hydrogen in the five regions are 

presented in Table 1. The vast majority of carbonaceous PEPs aerosol were associated with 

the ultrafine (PM0.1) PEPs (54.5 mmol/g of PM0.1 mass, 56.3 mmol/g of PEPs PM2.5 mass). 

Assuming molar H/C ratios of unfunctionalized and unsaturated aliphatic (H/C=2), 

oxygenated aliphatics (H/C=1.1) and aromatic (H/C=0.4) (29,30), and organic carbon to 

organic mass conversion of 1.6 (31), the reconstructed organic mass concentration was 786.7 

mg/g and 819.5 mg/g for PEPs PM2.5 and PM0.1, respectively. This was in agreement with 

previous studies showing that total OC carbon accounted for more than 90% of released 

PEPs (5). Similarly, the reconstructed organic mass for toner powder was 384.8 mg/g. The 

sp3-hybridized aliphatic and “allylicanalogue” fractions accounted for 82.8%, 80.7% and 

74.9% of total non-exchangeable organic hydrogen and 66.1%, 55.5% and 48.0% of 

reconstructed organic mass in toner powder, PEPs PM2.5 and PEPs PM0.1, respectively. The 

HC-O fraction accounted for 9.1 to 12.5% of non-exchangeable organic hydrogen and 11.5 

to 17.7% of reconstructed organic mass) for toner powder, PEPs PM2.5 and PM0.1. The H-

Car fraction was enriched in PEPs PM2.5 and PM0.1 and represented 9.5–11.7% (as 

compared to 4.1% for toner powder) of the non-exchangeable organic hydrogen and 32.9–

37.5% of reconstructed organic mass (as compared to 16.2% for toner powder). Olefinic 

non-exchangeable organic hydrogen accounted for less than 1% of the total non-

exchangeable organic hydrogen concentration for both PEPs size fractions. The differences 

in the relative abundance of the non-exchangeable organic hydrogen (and reconstructed 

organic mass) of toner powder and PEPs indicated the potential modification of the 

molecular composition with a stronger aromatic spectral signature in PEPs as compared to 

that observed for toner powder.

Structural characterization

This section describes the structural characteristics of toner powder and PEPs in qualitative 

terms analyzing the 1D and 2D homo-and heteronuclear NMR spectra. This results in the 

identification of the types of organic species that are present and their relative abundance. A 

limited number of resonances were assigned to specific organic compounds using reference 

NMR spectra. The 1H-1H COSY, TOCSY, NOESY, and 1H-13C HSQC and HMBC NMR 

spectra are presented in the Supplementary Information.

In the aliphatic region of PEPs (Fig. 1 a, b), terminal methyl (CH3-), methylene (-CH2-), –

CH-X (X: C or O) groups have been observed with aliphatic chains within the same spin 

system (cf. COSY (S1)). This was further supported by the poorly resolved cross peaks in 

the aliphatic and aromatic regions in TOCSY, NOESY and HMBC NMR spectra (cf. 

TCOSY (S2), NOESY (S3) and HMBC (S5)). Resonances of sp3-hybridized carbon on 

aromatic rings (phenyl-CH-), oxygenated group such as HCsp
3(O)-Csp

3-H, H-Csp
3(O)-

Csp
3(O)H) and/or ester-derivatives (R(=O)O-Csp

3H2-Csp
3H(Csp

3H3)-R(or OR)) with oxygen 

atoms > 2 bonds away from protons were also observed (cf. COSY (S1) and HSQC (S4)). 
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The NMR spectra of toner powder demonstrated convoluted peaks in the aliphatic region 

reflecting multiple intra-aliphatic correlations (e.g., CH-CHx-CnH-CHx-C, n=1,2 and x 

varies depending on n) probably due to the polymer-based chemicals in the powder and non-

exchangeable organic hydrogen bonded to sp2-hybridized carbon in α,β-oxygenated olefins 

(R-CH2-Csp
2H=Csp

2H-O-X (X: C or H)) (Fig. 1 and cf COSY (S1) and TCOSY (S2)). 

Overall, the prevalence of functionalized aliphatic chains declined in the order of [toner 

powder] > [PEPs PM2.5] > [PEPs PM0.1].

Tentatively identified compounds by means of authenticated spectra and reference NMR 

spectra included succinate (−O(O=C)-CH2(a)-CH2(b)-(C=O)O−; Su in Fig. 1; Ha and Hb, 

triplet at δH 2.40 ppm), lactate (CH3(a)-CH(b)(-OH)-COO−; La in Fig. 1; Ha, doublet at δH 

1.35 ppm and Hb, multiplet at δH 4.20 ppm) and glycerate (HO-CH2(a)-CH(b)(-OH)-COO−; 

Gla in Fig. 1; Ha, doublet at δH 1.75 ppm and Hb, triplet at δH 2.12 ppm). The abundance of 

these compounds also declined in the order of toner powder>PEPs PM2.5> PEPs PM0.1. 

Lastly, it was observed that the resonance of acetate (CH3COO-) at δH 1.90 ppm was 

observed only in the toner powder.

Oxygenated groups (HC-O) in toner powder and PEPs (both PM2.5 and PM0.1) dominated 

by resonances attributed to oxygenated, alcohols, esters, ethers and others (with δH 3.8 – 4.5 

ppm) and to a lesser extent by methoxy (-OCH3) derivatives (δH 3.2 – 3.8 ppm) (Fig. 1c). 

The strong abundance of aliphatic alcohols, esters and ethers was further corroborated by the 

coupling of HC-O with sp3-hybridized aliphatic carbon (cf. TCOSY (S2) and HMBC (S4)). 

Non-exchangeable organic hydrogen levels in alcohols, esters and ethers increased from 3.9 

± 0.1 mmol/g in toner powder to 5.2 ± 0.1 mmol/g in PEPs PM2.5 and 6.8 ± 0.1 mmol/g in 

PEPs PM0.1. Methoxy derivatives remained relatively stable (1.9 mmol/g in toner powder, 

and 1.5 and 2.2 mmol/g in PEPs PM2.5 and PM0.1, respectively). NMR resonances in the δH 

5.4 – 5.6 ppm mostly in the toner powder and PEPs PM2.5 is assigned to protons attached 

directly or in α-position to sp2-hybridized olefinic carbon that is also bonded (within less 

than 4 bonds) to functionalized carbon (HColefin=ColefinH-(C=O)-X) (cf. HSQC (S4) and 

HMBC (S5)). The diminishing abundance of olefinic protons in PEPs (PM2.5 and PM0.1) as 

compared to that of toner powder (Table 1) may be indicative of allylic substitution and 

addition of radicals including peroxy-radicals (formed from the photolysis of other organics) 

and free-radical polymerization. These reactions are favored by heat/light and result in the 

formation of functionalized organic species (32), which is known to take place during 

printing (2,5).

The range of aromatic protons (Fig. 1e) showed extensive variability with resonances found 

on toner powder and PEPs (both size fractions) and resonances found only in PEPs 

(predominantly in the PM2.5 fraction, tracer quantities in PM0.1). However, the 2-D 

homonuclear and heteronuclear NMR spectra were comparable indicating that organic 

compounds found in PEPs were structurally similar to precursors in toner powder (cf. COSY 

(S1) and HSQC (S5)). NMR resonances indicative of styrene-like aromatic protons are 

found at δH 7.05 ppm and 7.30 ppm caused by protons in ortho- and meta-position (H-

Caromatic-sp
2-Caromatic-sp

2-H) (cf. COSY (S1)). The coupling of aromatic protons with sp3-

hybridized -CH2- and terminal –CH3 (cf. NOESY (S3) and HMBC (S4) within < 4 bonds 

indicate aliphatic chains in the para-position. Terephthalate was tentatively identified with a 

Chalbot et al. Page 9

Environ Sci Nano. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strong single resonance at δH 7.97 ppm because of the magnetically equivalent protons in 

the aromatic ring. The 1H-13C NMR spectra provided couplings that are associated with 

terephthalate (cf. HSQC (S4) and HMBC (S5)). The resonances with δH > 8.00 ppm found 

in PEPs PM2.5 and PM0.1 (but absent from toner powder) showed associations with styrene-

like carbon and protons (cf. HSQC (S4) and HMBC (S5)). In styrene, C2 and C6 resonances 

at δC 113.85 ppm and C3 and C5 resonances at 127.53 were observed. The peak at δH 1.60 

ppm was attributed to CH2-β of styrene and is coupled with the Cβ signal at δC 31.05 ppm 

(Fig. 2; Fig. S4). The resonance at δC 156.41 ppm was attributed to the C4 carbon of the 

styrene aromatic ring. Substitution with an alkyl ether is responsible for the shift of the 

signal to higher field compared to C4 unsubstituted resonance around 120–130 ppm.

The spectral differences between toner powder and PEPs demonstrated compositional 

changes leading to the accumulation of aromatic carbon with strong styrene-like molecular 

signature in PEPs PM0.1. In addition, a decline in the abundance of unsaturated and 

oxygenated homologue was observed. These trends may be associated with the thermal 

decomposition of the styrene-based polymeric powder material and formation of semi-

volatile heavier aromatic species, such as PAHs. Olefins and hydroxyl-like compounds are 

relatively reactive (compared to their saturated and carboxylic counterparts) and can be 

thermally oxidized or by allylic substitution lead to the formation of larger macromolecules 

(33). The latter pathway may be further catalyzed by the presence of highly reactive 

nanomaterials present in the toner powder (34). A study evaluating the emissions from 

photocopiers identified nalkanes (e.g., tetracosane, tetracontane, octatriacontane, 

hexatriacontane) in both the toner (10 to 2670 ppm) and in all sampled airborne fractions (2 

to 10 ng/m3) (1).

To determine the effect of the temperature on toner powder composition, specimens of toner 

powder were thermally-treated at 100°C, 150°C and 200°C for 5-min under atmospheric 

pressure. Under typical operating conditions in laser printers, temperatures up to 200°C may 

be developed to permanently attach the polymeric toner powder to the paper (i.e., fusion). 

Figure 2 shows the functional composition of thermally-treated toner powder. The 1H-NMR 

spectra of toner powder for the five treatments are presented in Figure S6. For all thermally-

treated toner powder, H-C was the dominant carbon type followed by H-Car. The relative 

contribution of H-Car increased moderately for temperatures increasing up to 200°C and 

300°C, while the percent abundance of H-C decreased. The percent abundance of aliphatic 

unsaturated and oxygenated remain relatively unchanged up to 200°C. These trends were 

indicative of possible transformation of long-aliphatic chains in the styrene-based polymeric 

material to aromatic carbon through pyrolytic and catalytic mechanisms related to the 

presence of metal/metal oxide ENPs and high-temperature process.

PAHs

Polycyclic aromatic hydrocarbons (PAHs) have been of scientific interest due to their 

carcinogenic and mutagenic properties (35). It was shown here that the mean concentrations 

of ΣPAH increased from 7.2 ng/mg (0.00072 %) in the toner powder to 16.0 ng/mg 

(0.0016 %) and 67.0 ng/mg (0.0067 %) in the PM0.1 and PM2.5 PEPs size fractions, 

respectively. The individual PAH concentrations in toner powder and PEPs are presented in 
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Table 2, while Figure 3 shows the relative distribution patterns of PAHs in toner powder, and 

the PM2.5 and PM0.1 size fractions of PEPs. As shown, PEPs had total PAH concentrations 

approximately 2 to 10-fold higher than those found on toner powder. LMPAHs (two- and 

three- ring PAHs) including naphthalene, acenaphthylene and acenaphthene accounted for 

79–96% of total PAH concentration in toner powder, while HMPAHs (pyrene, 

benzo[a]anthracene, chrysene, benzofluoranthenes and benzo[a]pyrene) contributed less 

than 5% of total PAHs. Conversely, HMPAHs (chrysene, anthracene and benzo[a]pyrene) 

were the most abundant components in PEPs. The concentration of four- and five-ring PAHs 

increased from 0.28 ng/mg in toner powder to 8.43 ng/mg (52.8% of total PAHs) and 36.32 

ng/mg (54.2% of total PAHs) in PEPs PM0.1 and PM2.5, respectively. The HMPAHs have 

lower vapor pressure and, thus, have a higher tendency to be sorbed and bound to PEPs 

particles (36,37). Interestingly, a study characterizing the emissions from photocopiers 

detected PAHs in the airborne fraction at levels two to five times higher than the blank 

sample, but because the PAHs were not identified in the toner powder, the authors attributed 

the observation to possible contamination (1).

PAH concentration diagnostic ratios were also considered in the analysis to better 

understand the compositional differences between toner powder and PEPs. For LMPAHs, 

the mean [Phe/(Phe+Ant)] ratios were 0.38 for toner powder and 0.37–0.41 for PEPs, 

indicating relatively similar fingerprints. The mean [Fla/(Fla+Pyr)] ratio increased from 0.47 

for toner powder to 0.50–0.67 for PEPs, giving this ratio the potential of being used as a 

method of fingerprinting PEPs. Since HMPAHs, aside from Pyrene, were not detected in 

toner powder, the [BaA/(BaA+Chr)] ratio was only calculated for PEPs and was found to 

have a mean value that ranged from 0.31 to 0.43. All diagnostic ratios were higher than 

those calculated for ambient PAHs released from high temperature combustion of fossil 

fuels (38,39), indicating that the fingerprint of PEPs using this method is unique from that of 

combustion processes.

The measurable change in the PAH speciation profile of the PEPs compared to that of the 

toner powder may be linked to the presence of ENPs, the majority of which are metals and 

metal oxides, on the toner. A similar finding has been reported in the incineration of nano-

enabled thermoplastics that contained nanosized metal oxides (i.e., titanium dioxide, iron 

oxide) and carbon nanotubes (28,40–42). The authors noticed not only an overall increase in 

the concentration of PAHs in the released lifecycle particular matter, but a distinct promotion 

of conversion of LMPAHs to HMPAHs compared to the pristine thermoplastic, which did 

not contain ENPs (28,41). This unmistakable change in chemical profile towards HMPAHs 

during thermal degradation of thermoplastics was concluded to be due to the presence of 

catalytic ENPs.

We hypothesize this same catalytic phenomenon may occur due to the additives in the toner 

powder, particularly because of the size and catalytic properties of the added metal/metal 

oxides which are also released and found in PEPs. The use of various metal/metal oxide 

ENPs similar to those found in toners and PEPs, such as iron, manganese, titania, zinc and 

copper have been known to have enhanced catalytic properties due to the increased reactivity 

and selectivity of these metallic particles (41,43–46). It is also worth noting that other 

particle formation mechanisms involving ozone, in addition to the nano scale metal and 
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metal oxide particles added and released form the toners during printing, have been 

proposed in previous studies and may also contribute to this VOC transformation 

phenomenon taking place and reported in this study [(1–4, 59).

Furthermore, in order to calculate potential risks for PAHs, the toxic equivalency factors 

(TEFs) were applied to evaluate PAHs lung cancer risk, assuming unit risk for BaP as 

described in the methods section. The BaP-equivalent concentrations were estimated as the 

product of TEFs and the concentrations for each individual PAH (Table 2). The BaP-

equivalent concentrations for PEPs accounted for up to 16% of total PAHs concentration in 

PEPs PM0.1 and 12% in PEPs PM2.5. The difference between the measured and BaP-

equivalent concentrations of PAHs was primarily due to variations in the concentrations of 

LMPAHs that did not contribute significantly to the overall carcinogenicity index, as these 

LMPAHs have lower carcinogenicity potential. It is worth noting that use of TEFs in 

estimating risks may seriously underestimate the carcinogenicity of PAHs because volatile 

PAHs can further react with oxidants to form highly mutagenic oxygenated and nitrated 

polycyclic aromatic compounds (O/N-PACs). Moreover, TEFs are based on toxicity of PAHs 

as a chemical and do not take into account the nanoparticle nature of the chemical 

compound. It is well known that, in general, the toxicity of ENPs may significantly differ 

from the micron-sized particles and chemicals (47–49).

While it is crucial to identify the presence of potential carcinogenic PAHs on PEPs, detailed 

toxicological studies establishing a mechanism of action for these PAHs is of utter 

importance and needed to assess potential health risks. It is worth noting that there are 

published studies on HMPAHs (e.g., BaP) on the bioavailability and metabolism of a known 

comparative inhaled particle-borne carcinogen: diesel exhaust (50). The authors of that study 

concluded that subsequent to the inhalation of BaP-adsorbed diesel soot, the BaP quickly 

desorbed from the carbonaceous core and was then adsorbed, unmetabolized, into the blood 

stream of the exposed dogs, where it mostly underwent phase II metabolism. The findings 

from that study highlighted the fact that the toxicity of a particle-adsorbed BaP is mainly 

dictated by the ability of the PAH to be released and come in contact with the target organ/

tissue. While the study only evaluated the metabolism of one PAH, it must be noted that 

more than 10 different PAHs were identified on the PEPs. Therefore, more toxicological 

studies needs to be done in order to have a clearer understanding of the impact of PAHs from 

PEPs on human health, particularly their reactive metabolites since they can bind to proteins 

and DNA and cause mutations, cancers or other adverse effects (51). Furthermore, additional 

analysis for other organic species beyond PAHs using GC- or LC-MS/MS for structural 

elucidation of other compounds would aid to better understand the complex chemistry of 

PEPs.

Conclusions

The extensive analysis of organic species of PEPs described here is indicative of the 

synergistic effects of organics in the toners and engineered nanomaterials as shown by the 

marked transformation in the molecular composition of both the toner powder and PEPs 

during the printing process. Specifically, there is a stronger aromatic spectral signature on 

PEPs compared to that of the toner powder, which is suggestive of radical additions and 
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free-radical polymerization that are directly associated by heat and potential catalytic effects 

due to the presence of nanoscale metals, resulting in formation of functionalized organic 

species. Most importantly, such accumulation of aromatic carbons with a strong styrene-like 

molecular signature observed on the PEPs could possibly be associated with the formation 

of semi-volatile heavier aromatic species, such as PAHs. The change in PAH composition 

and the shift form low to high molecular weight in PEPs compared to toner powder might 

imply an increase the toxicity potential (e.g., carcinogenic and mutagenic) of these PEPs, 

which raises concerns for human health implications. Considering that these nano-enabled 

toners are used extensively and exposures to the pollutants released by toner-based printing 

equipment are inevitable, in both occupational and home/office environments, a closer 

toxicological assessment is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Environmental Significance Statement

It has been shown that toners used in various printing equipment contain engineered 

nanomaterials (ENMs), which become airborne during printing. Toxicological evidence 

continues to grow confirming bioactivity of such Printer-Emitted Particles (PEPs). A 

major knowledge gap in risk assessment of such exposures is the characterization of 

complex organic chemistry of PEPs. The extensive analysis of organic species of PEPs 

described here indicates synergistic effects of organics in the toners and ENMs as shown 

by the marked transformation in molecular composition of PEPs. The observed change in 

PAH composition and the shift from low to high molecular weight in PEPs compared to 

toner powder would increase the toxicity potential (e.g., carcinogenic, mutagenic) of 

PEPs, raising concerns for human health implications.
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Figure 1. 
1H NMR spectra (δH 0 – 10.5 ppm) of toner powder, PM2.5 and PM0.1 printer-emitted 

particles acquired with solvent suppression and exclusion regions for residual HDO. 

Functional structure are indicated from right to the left: (a) aliphatic carbon (HCCC); (b) 

“allylic-analogue” (HC-C=X); (c) oxygenated and methoxy (HC-O); (d) olefinic (R-

CH=CH-R and O-CH-O); and (e) aromatic (HCar), The respective spectral intensities were 

scaled to 100% total integral within the entire region of chemical shift (δH 0.7–10.5 ppm; 

with residual water excluded). Fo: Formate, Bo: Benzoate, La: Lactate, Su: Succinate, 

Acetate:, TPA: Terephthalate.

Chalbot et al. Page 19

Environ Sci Nano. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Relative concentration pattern of H-Car, HCO, H-C-C= and H-C functional groups for 

thermally-treated toner powder.
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Figure 3. 
Relative distribution of PAHs in toner powder, PEPs PM2.5 and PEPs PM0.1 (Nap: 

Naphthalene; Acy: Acenaphthylene; Ace: Acenaphthene; Flu:Fluorene; Phe: Phenanthrane; 

Ant: Anthracene; Fla: Fluoranthene; Pyr: Pyrene; BaA: Benzo[a]anthracene; Chr: Chrysene, 

BbF: Benzo(b/j)fluoranthene; BkF: Benzo[k]fluoranthene; BaP: Benzo[a]pyrene).
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