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An increase in ambient carbonaceous particle (CNP) levels has been found, potentially leading to significant 
environmental/health hazards. These particles will ultimately enter the oceanic environment and interact 
with dissolved organic carbon. However, a detailed mechanistic understanding of their behavior, transport, 
and fate in marine systems is still much needed. This study, using carbon black (CB, 14 nm) nanoparticles as 
a model, aimed to investigate the impact of CNPs on marine microgel formation, a critical shunt between 
DOC and particulate organic carbon that potentially represents a ~70-G t organic carbon flux. We found 
that CB can enhance the stability of DOC polymers and reduce microgel equilibrium sizes in concentration 
as low as 1 p g L 1 CB, possibly due to negative surface charges on CB that decrease cross-linking bridges 
through Ca2+ bonds. The reduction of marine microgel formation induced by CB could lead to a decrease in 
the downward transportation of microbial substrates and nutrients, and therefore, could have a significant 
impact on the carbon cycle and the marine ecosystem.

M arine dissolved organic carbon, a massive reservoir of reduced carbon1,2, plays a critical role in biologic- 
ally-mediated carbon cycling, which accounts for a total mass of —700 Gt (7 X IO17 grams) of carbon3. 
About 50% of the photosynthetic production by surface phytoplankton or bacteria is released as DOC 
biopolymers such as exopolymeric substances (EPS) and other biological secretions into the DOC pool4. It was 

previously estimated that around 10% of DOC polymers can self-assemble to form the matrix of microscopic 
hydrogels, containing —70 Gt of carbon5-7. The microgel formation is critical because these organic polymers not 
only can selectively transport bioactive elements and nutrients from the surface waters into the deep ocean, but 
also support the bulk of marine heterotrophic microbial production and subsequent food web interactions8-11. In 
addition, the process of assembling DOC into particulate organic carbon (POC) represents a readily available 
pool of bioreactive and biodegradable organic carbon accessible to the microbial community. Recent studies have 
demonstrated that marine DOC polymers might contribute significantly to the primary marine aerosols and 
cloud condensation nuclei over remote areas of the oceans12-15. An understanding of assembly dynamics in 
marine microgels is thus important in the future development of global climate, nutrient transport, and organic 
carbon transport.

Marine microgels are formed by the aggregation of DOC polymers in a self-assembly fashion followed by 
further diffusion and annealing. The DOC polymer is generally polyanionic, due to the presence of associated 
uronic acids and acidic functional groups (such as carboxylate, sulfate, and phosphate)16,17. Their negative surface 
charge can readily chelate ions such as Ca ions, which can play a critical role in crosslinking between polyanionic 
DOC polymer sites in the marine environment5. Other factors influencing aggregation include electrostatic 
interaction, length of the polymer chains, polymer concentrations, hydrophobic interaction, pH value, temper­
ature, and heterogeneous particles (engineered nanoparticles, ENs)18-20. Recent studies have demonstrated that 
the change in microgel assembly kinetics is induced by ENs (such as plastics and quantum dots) and may be 
considered a potential disturbance to the marine carbon cycle and bioavailability20,21. However, a detailed mech­
anistic understanding of particle effect on microgel formation, transport, and fate in marine systems, which is 
important for assessing risk and impact, still remains to be ascertained.

Carbonaceous particles (CNPs), which are generally formed during incomplete combustion of fossil fuels and 
biomass, continue to increase in the environment as a result of agriculture, industry, permanent deforestation, 
savanna fires, and motor vehicles22-24. Upon their release into the atmosphere, CNPs might serve as condensation 
nuclei, which are the second largest contributors to climate change25. CNPs are of environmental concern for 
several other reasons as well. For example, CNPs have been identified as a carcinogen and a cause of some 
respiratory diseases26. CNPs can also act as a carrier for pollutants, such as persistent organic pollutants27, due to
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their unique properties, which include a large specific surface area 
and high affinity for various pollutants. These particles mainly enter 
the marine system through fluvial discharge and atmospheric depos­
ition. Most CNPs are also commonly regarded as a chemically and 
biologically stable form of carbon and may persist in the marine or 
soil system for a long period of time” '28'29, thus acting as an important 
sink in carbon cycling30'31. While the dissolved organic matter might 
play an important role in the carbon cycle of the ocean, there is 
substantial uncertainty regarding the effect of CNPs on the marine 
DOC pool22. In addition, the aggregation and sedimentation of DOC 
polymers are two interrelated processes that determine the down­
ward flux and the fate of the particles within the marine system.

The objective of this study was to examine the influence of CNPs 
on the aggregation behavior of marine microgels. Using CB nano­
particles as a model, the aim was to investigate aggregation kinetics 
and aggregation size as functions of particle concentration. In fact, 
CB particles are the best model for diesel exhaust particles and urban 
air pollution particulate matter, as they contain elemental carbona­
ceous nuclei, which have become an important reference mater­
ial32-34. The addition of electrolytes (NaCl and CaCl2) was used to 
investigate the mechanism of CB on DOC gel aggregation kinetics. 
The results of this study will provide new insights into the effect of 
CNPs on marine microgel formation and facilitate progress in the 
understanding of the effect of heterogeneous particles on the DOC- 
POC exchange.

Results
Influence of CB on self-assembly of marine DOC into microgel.
The size of the marine DOC microgels (DOC: 2.57 mgL-1) was 
monitored by DLS for over ten days, as shown in Fig. 1. The 
marine DOC polymers aggregated spontaneously with second- 
order kinetics and the size of microgels formed in equilibrium, 
reached roughly 4-5 pm in 96 hrs (Fig. 1, squares). This result is 
consistent with previously published observations519. When CB was 
added in a concentration of 1 pgL-1, the size of the DOC polymer 
was significantly smaller than that of the control at 288 hrs (t-test, 
p <  0.005), with the final mean size reaching around 2-3 pm (Fig. 1, 
circles). As the concentration of CB was increased to 60 pgL-1 and 
120 pgL-1, the final size of the microgels formed in equilibrium 
reached around 0.6 pm and 0.45 pm, respectively (Fig. 1, triangles 
and inverted triangles), which were significantly smaller than those 
of native marine microgels at 288 hrs (t-test, p <  0.0001 and p <  
0.0001, respectively). The size of the microgels was confirmed by

A 60 ugL'1 

V 120 ugL

S- 2 -
T3
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Time(hrs)

Figure 1 I The influence o f  CB on the spontaneous assem bly o f  marine 
DO C  polym er was m onitored w ith  DLS for over ten days. D ifferent 
concen trations o f  CB particles were used, includ ing  0 (squares), 1 (circles), 
60 (triangles), and  120 (inverted triangles) pgL-1.

ESEM imaging. Marine DOC samples containing 0, 1, 60, and 
120 pgL-1 of CB particle were prepared, and ESEM images of 
microgels collected at 288 hrs were taken. The microgel sizes 
presented in Figs. 2A-D confirm the DLS measurements (Fig. 1). 
These data strongly indicate that CB can effectively hinder DOC 
microgel formation in both the equilibrium size and the formation 
rate (Table 1), providing convincing evidence that only 1-120 pgL-1 
of CB released into the aquatic environment can cause a significant 
change in the self-aggregation of DOC polymers.

Effects o f NaCl and CaCl2 on the self-assembly kinetics of DOC
with and without CB particles. As shown in Fig. 3, the self-assembly 
of marine DOC gel was significantly hindered by adding an extra 
1 M of NaCl, which resulted in an equilibrium size of 2-3 pm, 
compared with 4-5 pm in the control (Fig. 1, squares) at 288 hrs 
(t-test, p <  0.005). Nonetheless, it is noteworthy that the aggregation 
size of CB-DOC microgels increases with increasing NaCl 
concentrations: around 0.45 pm without extra NaCl, 1.0-2.6 pm 
with an extra 0.2 M of NaCl, and 1.3-3.5 pm with an extra 1 M of 
NaCl. As shown in Fig. 4A, with 10 mM and 20 mM CaCl2, the extra 
CaCl2 did not have a significant effect upon marine microgel size, 
yielding 3-4 pm microgels in 120 hrs. The addition of 10 mM of 
CaCl2 to 120 pgL-1 CB-DOC samples led to an increase in the 
particle size and aggregation rates of DOC polymers, forming 
~ 2  pm in 48 hrs. Further increasing the CaCl2 concentrations to 
20 mM resulted in a significant increase in microgel size in the 
120 pgL-1 CB-DOC samples, forming 3-5 pm microgels (t-test, p 
<  0.0001 compared with no added CaCl2), which was close to the size 
of native marine microgels (4-5 pm), as illustrated in Fig. 4B. It is 
noted that the addition of CaCl2 increases the assembly rate constant 
of CB-DOC. Furthermore, the addition of CaCl2 increased the size 
and the rate constant more than NaCl (Table 1).

The zeta potential o f CB particles and the equilibrium size o f CB- 
DOC microgels. To support the notion that the surface charge of CB 
might affect the self-assembly of DOC polymers, further evidence of 
the extent of surface charge interaction can be illustrated by the zeta 
potential, as shown in Fig. 5. The zeta potential of the CB particles 
was found to increase with higher concentrations of NaCl and CaCl2. 
The average zeta potential of the CB particles was raised from —31.3 
to —19.57 and —3.53 mV with the addition of 0.2 M and 1 M, 
respectively, of NaCl. The addition of 0.2 M of NaCl resulted in 
only a slight reduction in the negative zeta potential of the CB 
surface, while the addition of 1 M of NaCl further reduced the 
regime of negative zeta potentials. Compared with NaCl, the 
average zeta potential was raised remarkably, from —31.3 to 7.07 
and 13.16 mV, with the addition of 10 mM and 20 mM, 
respectively, of CaCl2. It was also found that the equilibrium size 
of the CB-DOC microgels increased as the zeta potential of CB 
surface increased.

Discussion
Marine DOC polymers can assemble into ~ 5  pm microgels; this was 
first demonstrated by Chin et al.5. In the marine carbon cycle, nutri­
ent transportation and microbial processing is greatly influenced by 
microgel formation. The water chemistry and surrounding particle 
interaction might exert a significant effect on the aggregation of DOC 
polymers and stabilization of microgels in the aquatic environment. 
Understanding the mechanisms of DOC aggregation in the presence 
of CNPs is therefore essential for assessing the transport and ultimate 
fate of microgels and CNPs. In this study, using CB nanoparticles as a 
model particle, the size of DOC microgels was measured under dif­
ferent CNP conditions, concentrations, and electrolytes. Our results 
revealed that CB can dramatically hinder the formation and kinetics 
of DOC microgels. The observed decrease in the hydrodynamic dia­
meter of marine CB-DOC might be a result of charge effects con­

IC REPORTS I 4 :5 8 5 6  | DOI: 10.1038/srep05856 2

http://www.nature.com/scientificreports


w w w .n a tu re.com /sc ien tificrep orts

Figure 2 | ESEM im ages o f  m arine m icrogel at different CB particle concentrations: (A)0, (B) 1, (C) 60, and (D) 120 pgL 1 (scale bar =  2 pm ).

tributed by the strong negative charges of CB. This observation is 
consistent with those of other studies, which reported that negatively 
charged particles were able to decrease the polysaccharide assemblies 
due to charge stabilization. For instance, negatively charged 
quantum dots showed a stronger capability for stabilizing EPS in 
ASW than positively charged quantum dots21. The stability of ENs 
can be increased by coating the surface with negatively charged nat­
ural organic matters (NOM)35. NOM can also stabilize C60 fullerene36 
and metal oxide nanoparticles with negative surface charges3738. 
Because both CB particles and DOC polymers contain negative sur­
face charges1617'39,40, charge stabilization might play an important 
role in influencing CB on DOC aggregation, as illustrated in Fig. 1.

As discussed above, the negative charges of CB particles effectively 
can reduce DOC-POC exchange in marine system, which suggests 
that the cationic charges in native seawater is not enough to screen 
the strong negative charges of CB particles. Therefore, to investigate 
the mechanism of the stabilization effects of CB on the DOC gel 
aggregation kinetics and to assess whether electrostatic interaction 
is the dominant factor, several electrolytes were used. In the presence 
of extra NaCl (extra 0.2 and 1 M of NaCl added in native seawater), 
the size of native marine microgels (the concentration ofN a+ around 
0.5 M) was reduced, indicating that the presence of extra NaCl can 
supply a large number of Na+ ions surrounding the surface of the

DOC polymer and hinder the Ca2+ bridges from forming larger 
assemblies41. The key role of the Ca2+ bridge in aggregation was 
demonstrated in the study by Chin et al.5, wherein removal of Ca2+ 
ions by ethylenediaminetetraacetate (EDTA) significantly prevented 
polymer assemblies. Nonetheless, the aggregation size of CB-DOC 
microgels increases with increasing NaCl concentrations. It is thus 
inferred that the negative charges of CB can be partially neutralized 
by the extra Na+ ions that are added, thereby reducing the effect of 
CB on hindering marine microgel formation (Fig. 3). When investi­
gating the role of Ca2+ bridging in the assembly of microgels, it was 
found that the extra CaCl2 (extra 10 mM and 20 mM added in native 
seawater, without CB) did not cause significant differences in micro­
gel size, suggesting that Ca2+ ions in native seawater (around 
10 mM) reach their maximum capacity as cross-linkers for microgel 
formation (Fig. 4A). When 20 mM of CaCl2 were added to CB-DOC 
samples, the self-assembly of the CB-DOC microgels increased the 
microgel size significantly, from 0.45 pm to 4 pm (Fig. 4B). We 
hypothesize that extra Ca2+ can neutralize the negative surface 
charges of CB, thus reducing the effect of CB on hindering microgel 
formation. In addition, the microgels were smaller with extra CaCl2 
than with extra NaCl. A large number of Na+ ions surrounding DOC 
polymers could result in a decrease in the binding efficiency of Ca2+. 
These inferences are consistent with the variations in zeta potential

Table 1 The equilibrium  size a n d  ra te  constants of m icrogel

Sample Equilibrium size (pm) Assembly rate constant (pm May ])

C B effect DOC 4 -5 0 .0 3 7 9
CB (1 pgL ^-DOC 2 -3 0.0271
CB (60 pgL ^-DOC - 0 .6 0 .0 2 5 8
CB (120 pgL '¡-DOC - 0 .4 5 0 .0 1 7 9

NaCl effect DOC + 1 M NaCl 2 -3 0 .0 0 8 4
CB (120 pgL ^-DOC + 0 .2  M NaCl 1 .0 -2 .6 0 .0 0 5 0
CB (120 pgL i-D O C A  1 M NaCl 1 .3 -3 .5 0 .0 0 4 4

CaCI2 effect DOC + 20  mM CaCI2 3 -4 0 .0 0 9 9
CB (120 pgL '¡-DOC + 10 mM CaCI2 - 2 0 .0 1 0 5
CB (120 pgL i-DOC + 2 0  mM CaCI2 3 -5 0 .0 2 1 3
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Figure 3 | Effects o f  NaCl on the self-assem bly kinetics o f  D O C  w ith/ 
w ithout 120 pgL-1 o f  CB particles in  seawater. D ifferent concen tra tions o f  
N aCl added  to  the  C B -D O C  sam ple, including 0 M  (squares), 0.2 M  
(open  circles), an d  1 M  (solid circles), were m o n ito red  w ith  DLS for over 
ten  days.

and CB-DOC microgel size (Fig. 5). The equilibrium of the marine 
microgels increased as the CB zeta potential increased. The increases 
in zeta potential and microgel size were more significant in CaCl2 
solution than in NaCl solution, which might be attributed to the 
specific adsorption of Ca2+ on the surface of the CB particles. The 
greater efficiency of Ca2+ in screening the surface charges of CB is 
consistent with the results obtained by Saleh and Liu42,43. 
Nonetheless, it is noteworthy that the average zeta potential was from 
— 31.3 to —19.57 and 7.07 mV with the addition of 0.2 M of NaCl 
and 10 mM of CaCl2, respectively, while the equilibrium size did not 
show significant difference in both experiments (around 1-2 pm), 
indicating Ca2+ and Na+ can reduce electrical double layer of CB 
particles but did not have enough Ca2+ as cross-linking bridges with 
DOC polymers. Until 20 mM CaCl2, the aggregate size was substan­
tially increased (close to native marine microgels), possibly due to 
increased cross-linking bridges through Ca2+ bonds (Fig. 5 and 6). 
Our results clearly demonstrate that electrostatic interaction (Ca2+ 
bonds) plays a critical role in the self-assembly of CB-DOC, which 
also implies that the self-assembly of marine microgels can be influ­
enced by the surface properties of various natural and anthropogenic 
particles such as CNPs.

In summary, our results clearly demonstrate that CB can prevent 
DOC polymers from becoming entangled, due to the negative surface 
charges of carbonaceous particles prohibiting cross-linking bridges 
(Fig. 6). The presence of additional electrolytes facilitated the forma­
tion of CB-DOC polymer microgels; there was an increase in the 
assembly rate of CB-DOC polymer aggregation by adding extra 
CaCl2 (Table 1). Our results show that not only is marine microgel 
formation driven predominantly by the concentration, hydrophobi- 
city, and length of DOC18'19, but also that it depends on envir­
onmental conditions and surrounding natural or anthropogenic 
particles20,44. The results of this study further suggest that the surface 
charges of anthropogenic particles can interfere with marine micro­
gel formation. Finally, the environmental implications of our results 
suggest that CB can dramatically hinder the formation and kinetics 
of DOC microgels, resulting in a sub micron level of “patchiness” in 
the marine gel phase that could influence the route of DOC-POC 
exchanges. The small size of the CB particles and DOC gels will 
reduce the sedimentation flux of organic carbon to the deep ocean, 
and this portion of organic carbon on the ocean surface might be 
redistributed into the atmosphere12. These negative effects could 
further change the marine microbial loop, light adsorption45, and 
nutrient transportation. Another perspective on the particle effect 
of DOC-POC is that not only does NOM efficiently affect the

Time(hrs)

„  7-, 
E 
^  6 -

TJ

0 50 100 150 200 250 300
Time(hrs)

Figure 4 | Effects o f  extra CaCl2 on the self-assembly kinetics o f  DOC  
w ithout (a) and w ith  (b) 120 pgL-1 o f  CB in  seawater. D ifferent 
concen tra tions o f  CaCl2 added to  the C B -D O C  sam ple, including 0 m M  
(squares), 10 m M  (open  circles), and  20 m M  (solid circles), were 
m o n ito red  w ith  DLS for over ten  days.

stability of natural or engineered particles, but also that microgel 
formation depends on natural and engineered particles. Further 
investigation is much needed to explore the complex interactions 
among DOC, POC, various particles and other environmental para­
meters (like pH value) that potentially impact the critical organic 
carbon fluxes in the aquatic environment.

- CB, Addition of extra NaCl
- CB, Addition of extra CaCI 2

- CB-DOC, Addition of extra NaQ
- CB-DOC, Addition of extra CaCI 2

zeta potential

1  aggregation size

X■<Q-

lOrrMCaa 2 20rrM C aQ 2

Figure 5 | The zeta potential o f  CB particles in different ASW, including  
the addition o f  NaCl (solid squares) and CaCl2 (solid triangles).
E quilib rium  size o f  C B -D O C  m icrogels a t varying concen trations o f  
electrolytes, including the  ad d itio n  o f  N aC l (open  squares) and  CaCl2 
( o pen  triangles).
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E n tersto  M arine DOC pool

Carbonaceous
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Figure 6 | Interaction between carbonaceous particles and m arine DO C polymers.
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C arbonaceous particles hinder Ca2+ cross- 
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Methods
Chemicals. American Chemical Society grade reagents, including sodium chloride, 
potassium chloride, calcium chloride, magnesium chloride, magnesium sulfate, 
sodium bicarbonate, and dimethyl sulfoxide, were purchased from Sigma Rich (St. 
Lious, MO). Artificial seawater (ASW: 423 mM NaCl, 9 mM KC1, 9.27 mM CaCl2, 
22.94 mM MgCl2, 25.5 mM MgS04, 2.14 mM NaHC03) was prepared using 
deionized (DI) water from a Milli-Q system (Millipore, Billerica, MA) following the 
protocols established by the Marine Biological Laboratory, Woods Hole, MA (http:// 
www.mbl.edu/BiologicalBulletin/COMPENDIUM/CompTab3.html). CB 
nanoparticles (Printex 90) with a size of 14 nm and surface area of 300 m2/g were 
obtained from Degussa Corporation, Frankfurt, Germany. A stock solution of 60 mg/ 
L CB with 0.005% Tween 20 in DI water was sonicated in an ultrasonicator for 1 hr to 
ensure the particles were well dispersed. The CB suspension in ASW was monitored 
by dynamic laser scattering (DLS) for over ten days. We found that the CB particle 
size under all different ASW conditions was approximately 0.5 pm.

Seawater sampling and pre-treatment. Seawater samples were collected from Friday 
Harbor, Washington (48.54°N, 123.02°W). The samples were filtered through a 
0.22 pm Millipore filter that was pre-washed (0.1 N HC1) and rinsed with Milli-Q 
water. To inhibit microbial activity, 3 mM sodium azide were added to the seawater 
samples, which were then stored in the dark at 4°C.

Microgel size measurement. The kinetics of nano- and microgel aggregation has 
been measured using dynamic laser scattering5,18-20,45. Therefore, the aggregate DOC 
polymer size was monitored by DLS, following protocols presented in5,46. In brief, 
aliquots were poured directly into scattering sample cells. All assembly experiments 
were monitored for over ten days by analyzing the scattering fluctuations detected at a 
45° scattering angle. The autocorrelation function of the scattering intensity 
fluctuations was averaged over a 12-min sampling time, using a Brookhaven Bí 
9000AT autocorrelator. Particle size distribution was calculated by following the 
CONTIN method5,20. Calibration of the DLS method was conducted using standard 
suspensions of latex microspheres (Polysciences, Warrington, PA). Each 
measurement was replicated (n s  5) in a 10 ml seawater sample at room temperature.

Zeta potential of CB particle measurement. To measure the surface charges of CB, 
the zeta potential (Q of CB particles was measured with a Brookhaven ZetaPlus 
(Brookhaven Instruments, Worcestershire, UK) in the presence of NaCl and CaCl2, in 
varying concentrations, at 25°C. After the data were collected from each sample, the 
recorded values were averaged.

Environmental scanning electron microscopy (ESEM). Microgels were observed 
with a FEI Quanta 200 environmental scanning electron microscope (ESEM) (North 
America NanoPort, Portland, OR). The sample preparation was adopted from5,19; 
briefly, microgel aggregation was filtered through a 0.22 pm Millipore Isopore 
membrane (Fisher Scientific, Los Angeles, CA). The fixed microgel and CB were 
dehydrated by soaking them in serially diluted ethanol (35%, 50%, 70%, 95%, and 
100% ethanol) for 5 min and then coating them in gold in preparation for viewing 
with ESEM.

Statistical analysis. The data in this study were presented as means ±  standard 
deviation. Statistically significant differences were based on results of Student’s t-test 
analysis with p values of <0.005 (GraphPad Prism 4.0; GraphPad Software, Inc., San 
Diego, CA).
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