
PNAS  2023  Vol. 120  No. 20  e2218739120 https://doi.org/10.1073/pnas.2218739120   1 of 10

RESEARCH ARTICLE | 

Significance

Gut microbiota-governed 
biological processes determine 
the final fate and adverse 
outcomes of CNMs in the gut of 
hosts. Consequently, addressing 
the knowledge gaps regarding 
the gut microbiota-mediated 
biological processes/behaviors 
and harmful effects of CNMs is 
critical. We revealed that 
exogeneous inorganic CNMs 
underwent fermentation 
processes and were fermented 
as a bioavailable source into 
organic butyrate (biologically 
functional molecule) by gut 
microbiota. In particular, the 
interactive metabolite (butyrate) 
of CNMs and gut bacteria 
inhibited the function of 
neighboring intestinal stem cells. 
This work provides evidence on 
the incorporation of CNMs into 
metabolic carbon flow in gut 
microbiota for the production of 
short-chain fatty acids, which 
influences the effects of CNMs on 
the gut homeostasis.
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Carbon-based nanomaterials (CNMs) have recently been found in humans raising a 
great concern over their adverse roles in the hosts. However, our knowledge of the in vivo 
behavior and fate of CNMs, especially their biological processes elicited by the gut 
microbiota, remains poor. Here, we uncovered the integration of CNMs (single-walled 
carbon nanotubes and graphene oxide) into the endogenous carbon flow through degra-
dation and fermentation, mediated by the gut microbiota of mice using isotope tracing 
and gene sequencing. As a newly available carbon source for the gut microbiota, micro-
bial fermentation leads to the incorporation of inorganic carbon from the CNMs into 
organic butyrate through the pyruvate pathway. Furthermore, the butyrate-producing 
bacteria are identified to show a preference for the CNMs as their favorable source, 
and excessive butyrate derived from microbial CNMs fermentation further impacts on 
the function (proliferation and differentiation) of intestinal stem cells in mouse and 
intestinal organoid models. Collectively, our results unlock the unknown fermentation 
processes of CNMs in the gut of hosts and underscore an urgent need for assessing the 
transformation of CNMs and their health risk via the gut-centric physiological and 
anatomical pathways.

carbon nanomaterials | gut microbiota | fermentation | organic butyrate | intestinal stem cells

Due to their distinct and diverse properties, carbon-based nanomaterials (CNMs) have 
been applied in various fields including consumer products, biomedicine, and industry 
(1–3). Considerable evidence has demonstrated the presence of CNMs in various food 
items (beverages, roast meat, and hamburgers) (4, 5), environmental media (6–8), and 
clinically approved oral CNMs drug (graphene-like structure) (2). Especially, carbon 
nanotubes have been found in the bronchoalveolar lavage fluid in 69 Parisian children 
(9, 10) and human oral cavity (11, 12). Oral ingestion occurs consequentially to swal-
lowing inhaled nanomaterials following mucociliary clearance or direct food/drinking/
drug ingestion. Obviously, the human gut exposure to these nanoparticles through oral 
route is inevitable, which has become a very realistic problem and a great concern (13). 
Although some studies have implicated the direct adverse effects of CNMs on living 
organisms (14–18), the fundamental behavior and processes of CNMs in biological 
hosts including their degradation, transformation, and bioavailability are not under-
stood. This lack of understanding prevents an accurate evaluation of the toxicity of 
CNMs in organisms.

The human gut hosts a complex ecosystem of microbes that play pivotal roles in metab-
olism, food digestion and clearance of invading particles/pathogens, and active nutritive 
connection with other body organs, thus determining the human health (19, 20). After 
CNMs enter the intestine, trillions of microbes act as both their first barrier and their 
primary targets (2, 21, 22). As a “forgotten organ,” the gut microbiota exerts the functions 
of extracting and fermenting carbon compounds from dietary fibers for metabolite syn-
thesis (23). The elemental carbon is the structural unit of most metabolites and is essential 
to regulate all activities in whole life of organism. Given the observed degradability of 
CNMs/polymers in artificial enzymatic systems (24–28), eukaryotic systems (29), and 
environmental aerobic microbes (30–34), we postulated that gut microbiota (99% obligate 
anaerobes) may be capable of exploiting CNMs and the inorganic carbon derived from 
CNMs may induce unique biological processes impacting their biotransformation and 
bioavailability and, furthermore, fate in the gut. Several central questions underlying the 
behavior of CNMs remain: i) Can the gut microbiota ferment CNMs just like dietary 
fibers and can the inorganic carbon of CNMs be transformed into organic metabolites? 
ii) Which specific pathway and gut bacteria participate in CNMs fermentation? iii) What 
are the biological consequences of the CNMs transformation?D
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To fill this knowledge gap, two most representative CNMs, 
one-dimensional single-walled carbon nanotubes (SWCNTs) and 
two-dimensional graphene oxide (GO) nanosheets, were used. We 
revealed that the gut microbiota effectively converted exogenous 
CNMs and microbial metabolism was responsible for this action. 
After a comprehensive investigation of the transformation– 
fermentation processes of CNMs in vitro and in vivo using isotope 
labeling and tracing techniques, we demonstrated that CNMs 
were fermented as a special carbon source and the inorganic carbon 
from CNMs was eventually incorporated by butyrate-producing 
bacteria, the dominant bacteria which exploited the CNMs into 
butyrate through the pyruvate pathway, further affecting the func-
tion of intestinal stem cells and beyond.

Results and Discussion

Gut Microbiota Ferments Inorganic Carbon Nanomaterials 
into Organic Metabolites. The well-established protocols with 
modifications were used to prepare oxidized SWCNTs and 
GO (35). The size, morphology, and oxidation status of the 
SWCNTs and GO were carefully characterized and presented in 
SI Appendix, Fig. S1. Transmission electron microscopy (TEM) 

and atomic force microscopy (AFM) revealed that the mean length 
of SWCNTs and lateral size of GO were 902 ± 126  nm and 
412 ± 87  nm (SI  Appendix, Fig.  S1 A–D), respectively. X-ray 
photoelectron spectrum indicated a high oxidation level of the 
SWCNTs (C–O, 30.36%; COOH, 6.05%) and the GO (C–O, 
42.36%; COOH, 8.71%) (SI Appendix, Fig. S1 E and F).

Once CNMs are administered via an oral route, they will 
encounter trillions of gut microbes in the gut lumen. Because the 
structure unit of CNMs is carbon element, we hypothesize that 
they might serve as an available carbon source and become 
involved in a number of product syntheses through microbial 
fermentation. Normally, the major products from the microbial 
fermentative activity in the gut are short-chain fatty acids (SCFAs) 
(23). To explore the end products of microbial CNM fermenta-
tion, we collected the supernatants of CNMs-treated gut bacteria 
and screened a series of SCFAs including acetate, propionate, 
butyrate, valeric acid (VA), and caproic acid (CA) in vitro by 
high-performance liquid chromatography (HPLC). Fig. 1A shows 
that SWCNT- and GO-treated gut bacteria produced substantial 
amounts of butyrate (~1.1 mM), a low level of acetate (~0.2 mM) 
(using derivation method as shown in SI Appendix, Fig. S2), and 
undetectable levels of propionate, VA, and CA in vitro. At animal 
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Fig.  1. The gut microbiota ferments inorganic carbon nanomaterials as an available carbon source into butyrate through the pyruvate pathway. (A and  
B) SCFAs contents in CNM-treated gut bacteria in vitro (A) and CNM-treated mice (B) analyzed by HPLC. For in vitro experiment, gut bacteria (1 × 109 cells) 
were incubated with CNMs (0.05 mg/mL) for 3 d in anerobic condition, and the supernatants of gut bacteria samples were collected to assess SCFAs levels (n 
= 4, four replicates). For in vivo experiment, the intestinal contents were collected to assess local SCFAs levels in the small intestine (ileum) and colon of mice 
treated with SWCNTs (2.5 mg/kg/day) and GO (2.5 mg/kg/day) by oral gavage for 28 d (n = 4, biologically independent mice). (C) MS spectra of 13C–GO, bacteria, 
and 13C–GO-treated bacteria as determined by ultrahigh performance liquid chromatography-triple time-of flight mass spectrometry (UHPLC-Triple TOF-MS).  
(D and E) Characteristic fragment ions of butyrate (D) and 13C-butyrate (E) in the supernatant of 13C–GO-treated bacteria. (F and G) Characteristic fragment ions of 
pyruvate (F) for 13C-pyruvate (G) in the lysate of gut bacteria treated with 13C–GO. (H) MS/MS spectra of 13C-glucose in the lysate of gut bacteria treated with 13C–GO.  
(I) MS/MS spectra of 13C-acetate determined by derivation method using UHPLC-Triple TOF-MS. (J–M) MS/MS spectra of butyrate (J), 13C-butyrate (K), pyruvate  
(L), and 13C-pyruvate (M) in the colon of mice treated with 13C–GO (2.5 mg/kg/day) by oral gavage for 28 d. (N) 13C–GO (2.5 mg/kg/day) induced significant increase 
of butyrate in the SPF mice but not GF mice (n = 3, biologically independent mice). Data are expressed as mean ± SD. Statistical significance was tested with two 
tailed t test and one-way ANOVA analysis. *P < 0.05, **P < 0.01.D
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level (no significant alteration in general health status in 
CNM-treated mice as shown in SI Appendix, Fig. S3), the amounts 
of butyrate in the small intestine of SWCNT- and GO-treated 
mice were 3.8- and 2.9-fold higher than control, whereas the levels 
of butyrate in the colon of SWCNT- and GO-treated mice were 
11.8- and 9.7-fold higher than control (Fig. 1B). While we also 
observed elevated acetate in the CNM-treated mice (Fig. 1 B, 
Right), its concentration was much lower than that of butyrate. 
Other SCFAs (propionate, VA, and CA) were not significantly 
changed in CNM-treated mice. These data suggested that butyrate 
was the major product of microbial CNMs fermentation.

To track whether butyrate was derived from the CNMs fer-
mentation, we used the state-of-the-art stable isotope tracing 
technique to reveal the metabolite flux of 13C-labeled GO [13C–
GO was synthesized by the arc discharge method (36)] in gut 
bacteria. SI Appendix, Fig. S4A shows that gut bacteria incubated 
with 13C–GO produced butyrate, in agreement with the results 
in Fig. 1A. The mass spectrometry (MS) spectra showed a presence 
of parent ions of m/z 87.046 and 88.049 in the supernatant of 
gut bacteria treated with 13C–GO (Fig. 1C, Red line). Because 
they show the same fragment ions pattern as the butyrate standard 
(SI Appendix, Fig. S4 B and C), these two parent ions were iden-
tified to be butyrate and 13C-butyrate, respectively (Fig. 1 D and 
E), indicating that gut bacteria exploited either nutrients or CNMs 
in culture medium as a carbon source for butyrate biosynthesis. 
Importantly, the intensity of 13C-butyrate was ~sixfold higher than 
butyrate in Fig. 1C, suggesting that CNMs were fermented into 
butyrate as an available carbon source in gut bacteria. To further 
explain the phenomenon of 13C-butyrate was higher than 
12C-butyrate, we performed density functional theory calculations 
to calculate the different dissociation energies of 12C and 13C from 
GO (GO cluster model was used) (SI Appendix, Fig. S4D). The 
more negative ΔG2 (−667.52 kJ/mol) was than ΔG1 (−665.35 kJ/
mol) suggested that 13C was thermodynamically easier to be dis-
sociated from GO than 12C, which supported the previous find-
ings that 12C–13C bond was weaker than the 12C–12C bond (37, 
38). These data imply that when the 13C–GO was subjected to 
the reaction of butyrate biosynthesis, the 13C was probably easier 
to be dissociated from GO than 12C. Therefore, the bacteria can 
exploit more 13C for butyrate synthesis than 12C.

We next probed into the fermentation process of CNMs in gut 
microbiota by analyzing the precursors of butyrate. Because the 
pyruvate pathway is the most important fermentation pathway to 
produce SCFAs (23), we expected that CNMs were fermented into 
butyrate through the pyruvate pathway. As expected, we confirmed 
the presence of pyruvate and 13C-pyruvate in the lysate of gut bac-
teria treated with 13C–GO for 3 d (Fig. 1 F and G and SI Appendix, 
Fig. S4E), which are the upstream precursors of butyrate and 
13C-butyrate, respectively. We also found the 13C-glucose (the pre-
cursor of pyruvate) and phosphoenolpyruvate (PEP, the down-
stream product of glucose) in the 13C–GO-treated bacteria (Fig. 1H 
and SI Appendix, Fig. S4 F and G). It is notable that most butyrate 
producers can also generate acetate through pyruvate metabolism 
as a major fermentation product along with butyrate (39). 
Interestingly, we identified the acetate and 13C-labeled acetate in 
the supernatant of gut bacteria treated with 13C–GO using the 
derivation method (Fig. 1I and SI Appendix, Fig. S4 H–J), implying 
that acetate might act as a precursor for butyrate production. In 
addition, the presence of butyrate, 13C-butyrate, pyruvate, and 
13C-pyruvate in the gut lumen of mice treated with 13C–GO 
(2.5 mg/kg/day) for 28 d (Fig. 1 J–M) indicated that CNMs were 
fermented into butyrate through the central pyruvate pathway. Of 
note, we did not observe two or more 13C incorporation in these 
products, which was highly dependent on the label ratio of 13C in 

GO (The label ratio was 9.88%, the probability of having one 13C 
incorporation in butyrate is 28.9%, which was almost two and three 
orders of magnitude of two, three, and four 13C incorporation in 
butyrate.) (Materials and Methods). Meanwhile, we also used 
germ-free (GF) mice to corroborate the effects of the gut microbiota 
on butyrate production. Indeed, the absence of the gut microbiota 
completely abrogated 13C–GO-increased butyrate production in 
GF mice compared to the observed effect in SPF mice (Fig. 1N), 
confirming the pivotal role of the gut microbiota on butyrate bio-
synthesis and ruling out contributions of other factors (such as gut 
epithelium) to the excessive butyrate generated by the CNMs in 
the gut.

The Bacterial Enzymes Involved in the CNMs Fermentation into 
Butyrate through Pyruvate Pathway. CNMs fermentation is a 
multistep process carried out by gut microbiota. Normally, the 
microbial conversion of CNMs from pyruvate to butyrate involves 
a number of principal reactions mediated by the key enzymatic 
repertoire of the gut microbiota (40). We found that 13C–GO 
dramatically increased the activity of hexokinase (Fig.  2A), 
pyruvate kinase (PK) (Fig.  2B), and pyruvate dehydrogenase 
(PDH) (Fig.  2C) and the amounts of acetyl-CoA, butyryl 
CoA, butyrate kinase, and butyryl-CoA: acetyl-CoA transferase 
(BUT) in the gut bacteria (1 × 108 bacteria) (Fig. 2 D–G). In the 
biosynthetic pathway of butyrate, hexokinase plays an important 
role in catalyzing glucose phosphorylation with the consumption 
of adenosine triphosphate (ATP) to further produce PEP (41, 42) 
and PK catalyzes PEP to produce the pyruvate. PDH catalyzes 
the conversion of pyruvate to acetyl-CoA with the involvement 
of CoA and condensation of two molecules of acetyl-CoA forms 
butyryl-CoA that is further converted to butyrate via the classical 
pathway through butyrate kinase (40). In addition, butyryl-CoA 
can yield to butyrate by the butyryl-CoA:acetate CoA-transferase 
route or with the addition of acetate (acetate is produced from 
the upstream acetyl-CoA) (43). Of note, the unchanged ID/IG of 
13C–GO incubated with pure enzymes (PDH or butyrate kinase) 
(SI Appendix, Fig. S5) indicated that these enzymes were involved 
in the conversion between butyrate and its upstream product, 
pyruvate, but not directly acted on CNMs per se. Apart from the 
13C–GO, we also found similar behavior of SWCNTs and GO 
on the bacterial enzymes, increasing the activity of hexokinase, 
PK, and PDH and the amounts of acetyl-CoA, butyryl CoA, 
butyrate kinase, and BUT in the gut bacteria (Fig. 2 H–N). These 
combined results (Figs. 1 and 2 A–N) suggested that CNMs altered 
the metabolite profile of gut microbiota that switched to other 
available sources exploiting inorganic CNMs in fermentation, to 
synthesize organic butyrate through the central pyruvate pathway 
(Fig. 2O).

Gut Microbiota Degrades Carbon Nanomaterials. In general, the 
premise of CNMs fermentation is the degradation of particles. 
Although several clues have demonstrated the degradation of 
CNMs by environmental aerobic microbes (30–34), it is still 
unknown whether gut microbiota are capable of degrading 
CNMs because 99% gut microbiota is obligate anaerobes. To 
solve this issue, we extracted fresh gut bacteria from the colon and 
incubated them with the SWCNTs and GO at an appropriate dose 
of 0.05 mg/mL for 3 d (Fig. 3A). We first studied changes of the 
nanoparticle size using sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). There was no dark band inside gel 
for the bacteria control (Fig. 3 B, Left). SWCNTs and GO were 
only observed at the interface between the loading well, appearing 
as two distinctive dark bands (Fig. 3 B, Middle). However, after 
incubation with gut bacteria, the fragments of SWCNTs and GO 
were detectable in the lower gel (Fig.  3 B, Right). SDS-PAGE D
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is analogous to a molecular sieve; it can screen different-sized 
biomolecules and particles reaching different depths of the gel 
based on their molecular weight. The presence of nanoparticles 
in the lower gel indicated their degradation.

As degradation of CNMs was expected to be accompanied by 
structural damage, we used Raman spectroscopy to verify the 
defect sites in the CNMs (GO had similar D band and G band 
with 13C–GO in SI Appendix, Fig. S6). After incubation with gut 
bacteria, Raman spectra exhibited an increased ratio of the D-band 
(1,340 cm−1) to the G-band (1,580 cm−1) intensity for SWCNTs 
(ID/IG = 0.43) and GO (ID/IG = 1.00), compared to the SWCNTs 
(ID/IG = 0.28) and GO (ID/IG = 0.63) in a culture medium (Fig. 3 
C and D). Since the D-band represents a disorder-induced mode 
due to asymmetry-increasing effects (such as defects in the sp2 
hybridized carbon systems) (26, 29), the increased ID/IG suggested 
an increase in defect sites and structural damage to the SWCNTs 
and GO. The greater value of ID/IG for GO incubated with gut 
bacteria, compared with SWCNTs under the same condition, 
indicated a more effective degradation of the structurally more 
accessible nanosheets by the microorganisms. We further con-
ducted matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectrometry to analyze the ion currents of 
the CNMs in positive ionization mode. SWCNTs displayed 
high-intensity mass-to-charge (m/z) peaks at approximately 

47,000 to 59,000, whereas the SWCNTs treated with gut bacteria 
showed sharply different characteristics with m/z ratios ranging 
from 2,000 to 25,000 and multiple peaks of high intensities 
(Fig. 3E). A similar observation was made for the GO and GO/
bacteria group (Fig. 3F). The presence of lower m/z peaks and a 
lack of signal at 47,000 to 59,000 were indicative of fragmentation 
and shortening of the nanotubes and nanosheets. Furthermore, 
microscopy analysis revealed that the characteristic fibrillary struc-
ture of the nanotubes was destroyed and the bulk of nanotubes 
no longer existed after the bacteria treatment (Fig. 3 G, Upper). 
Indeed, we observed abundant nanotube debris. Similarly, AFM 
imaging showed prominent pitting and fragments in the 
bacteria-treated GO (Fig. 3 G, Lower), suggesting that gut bacteria 
effectively degraded CNMs structurally.

To study how gut bacteria degrade CNMs, we conducted the 
degradation experiment using heat-killed bacteria and spent bac-
terial medium and compared the ID/IG change of the CNMs by 
Raman spectroscopy. There were no significant changes to the 
defect sites of SWCNTs and GO treated with heat-killed bacteria 
or spent bacterial medium compared to the SWCNTs and GO in 
the culture medium (Fig. 3 H and I), indicating that inactive 
bacteria, microbial fermentation products, or acidification of the 
media did not elicit CNMs degradation. In contrast, active gut 
bacteria induced a significant increase of CNMs defect sites. These 
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Fig. 2. The bacterial enzymes involved in the CNMs fermentation. (A–C) 13C–GO induced the increased hexokinase activity (A), PK activity (B), and PDH activity 
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evidence clearly pointed to gut bacterial metabolism (only avail-
able in active bacteria) as a cause for CNMs degradation.

Because the biological components in gut lumen are critical to 
the fate of invading nanomaterials, we explored the impact of 
pancreatin on the degradation of CNMs using simulated intestinal 
fluid (SIF). As illustrated in SI Appendix, Fig. S7, there were no 
obvious changes to the size and morphology of the CNMs incu-
bated with SIF for 3 d, indicating that pancreatin did not partici-
pate in the degradation of the CNMs. Since material, oxidation 
degree, and particle size have been suggested as key parameters for 
the degradation of nanoparticles in biological systems (29, 44, 45), 
we therefore investigated the structure–effect relationship using a 
series of nanoparticles (NPs), including TiO2 NPs, carbon black 
(CB) NPs, pristine SWCNTs (with lower oxidation compared to 
SWCNTs), short SWCNTs (obtained by the sonication of 
SWCNTs), graphene (with lower oxidation compared to GO), 
and small GO (obtained by the sonication of GO) (SI Appendix, 
Table S1; the addition of surfactant did not influence the bacteria 
viability, as shown in SI Appendix, Fig. S8). We found that both 
TiO2 and CB were not degraded by gut bacteria (SI Appendix, 
Fig. S9A; there was no butyrate production induced by TiO2 and 
CB in gut bacteria in SI Appendix, Fig. S9B), suggesting that 

material was a key element to dictate the degradation behavior of 
nanoparticles by gut bacteria. Notably, when the particle size 
decreased, the oxidation degree (O/C) and defect site (ID/IG ratio) 
of the CNMs increased and gut bacteria–governed CNMs degra-
dation and butyrate production enhanced accordingly (Fig. 3J 
and SI Appendix, Fig. S9 A–C). Given these facts, the structure–
effect relationship is dependent on the physicochemical properties 
of the nanomaterial and at least in part is specific to graphene-based 
nanoparticles. The basic structure of graphene-based nanoparticles 
is aromatic rings fused by sp2-hybridized carbon, which is consid-
ered stable. However, the abundant oxidation and defect sites in 
SWCNTs and GO may provide targets via their dangling bonds 
and surface carboxyl, hydroxyl, and epoxy groups for the attack 
by gut bacteria.

Identification of Dominant Gut Bacteria Fermenting CNMs for 
Butyrate Synthesis. We further explored which specific bacteria 
were dominant in preference for the CNMs as their carbon source. 
For in  vitro experiments, we used a pool of bacterial extracts 
from multiple mice (n = 10). We first monitored the microbial 
composition of bacterial extracts before their CNMs exposure by 
16S ribosomal RNA (rRNA) gene sequencing. The sequencing 
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data exhibited identical bacterial features including diversity and 
composition for three groups (SI Appendix, Fig. S10 A and B). 
After CNMs (0.05 mg/mL) exposure, SWCNTs and GO did not 
influence bacterial viability and total number compared to control 
(Fig. 4A and SI Appendix, Fig. S10C), indicating that CNMs were 
not antimicrobial to the total number of microbes. We next 
determined the genera abundance in different treatments using 
same microbial loads (1 × 1010 cells) and rarefying sequencing 
output to an equal number of reads per sample, which allowed 
a comparison between control and CNM-treated group (46). 
Interestingly, SWCNTs and GO reduced the diversity of the gut 
microbiota (SI Appendix, Fig. S10D) showing decreased Alistipes 
and Lactobacillus but increased butyrate-producing bacteria 

(major function is to produce butyrate) including Roseburia, 
Odoribacter, and Ruminococcaceae (Fig. 4B). It was clear that 
CNMs did not impact the total microbial number compared 
to control, whereas they selectively promoted the growth of 
butyrate-producing bacteria, thus altering the composition of 
the gut microbiota.

At animal level, we carefully evaluated the gut microbiota com-
position using same amount of fecal before CNMs exposure. The 
gut microbiota displayed a similar diversity and composition 
between different groups (SI Appendix, Fig. S11 A and B). After 
CNMs exposure, the diversity of the gut microbiota was reduced 
(SI Appendix, Fig. S11C). Particularly, SWCNTs and GO signif-
icantly shifted the bacterial community as manifested in principal 
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coordinate analysis (PCA) (Fig. 4C), suggesting that CNMs 
changed the constitution of the gut microbiota. To discern which 
gut bacteria were changed, we further investigated the bacterial 
composition at genus level. Approximately 9 and 5 genera were 
reduced in SWCNT- and GO-treated mice, respectively (Fig. 4 D, 
Left). Consistent with the in vitro data, Alistipes and Lactobacillus 
were reduced in response to CNMs exposure, while total 
butyrate-producing bacteria (including Roseburia, Odoribacter, 
and Ruminococcaceae) increased from 3.8% in the control to 
8.5% and 7.7% in SWCNT- and GO-treated mice, a ~2.2-fold 
elevation in CNM-treated mice over control (Fig. 4 D, Right). Of 
note, CNMs promoted the increase of butyrate-producing bacteria 
in a time-dependent manner (SI Appendix, Fig. S11D).

Furthermore, we performed absolute quantification of 16S 
rRNA gene copy to compare the microbial number change 
between control and CNM-treated mice using same amount of 
colon fecal. The 16S gene copy number of total gut bacteria was 
almost identical between control and CNM-treated mice (Fig. 4E, 
primers are listed in SI Appendix, Table S2), indicating that CNMs 
did not influence the total number of microbes in the intestine. 
Hence, we could compare changes to the genera abundance 
between different groups using same amount of colon fecal. We 
also performed absolute quantification of butyrate-producing 
bacteria by constructing corresponding plasmids and examining 
their gene copy numbers, expressed as gene copy number per gram 
of colon fecal. The results revealed that SWCNTs and GO pro-
moted the growth of butyrate-producing bacteria including 
Roseburia, Odoribacter, and Ruminococcaceae (Fig. 4 F–H). This 
exhibited a similar trend with the butyrate-producing bacteria 
using relative microbiome analyses (Fig. 4D). All data indicate 
that CNMs altered the structure and composition of the gut 
microbiota. Nevertheless, there was a compensation mechanism 
to maintain the dynamic balance of total microbial number, where 
the reduction of certain bacteria was compensated by increased 
butyrate-producing bacteria (Fig. 4I).

The gene sequencing results also exhibited decreased Firmicutes 
but increased Bacteroidetes at phylum level (SI Appendix, 
Fig. S11E). Recent studies have demonstrated that Firmicutes 
possesses higher efficiency in food fermentation and calories 
absorption than Bacteroidetes (47, 48). Accordingly, function 
analysis revealed that CNMs attenuated the carbohydrate trans-
port and metabolism capacity of total gut bacteria, dropping from 
15.9% in control to 9.6% and 11.3% in SWCNT- and GO-treated 
mice (SI Appendix, Fig. S12A). However, in contrast to total gut 
bacteria, the butyrate-producing bacteria exhibited an opposite 
effect, with a sixfold elevation in carbohydrate transfer and metab-
olism in CNM-treated mice (SI Appendix, Fig. S12B). Because 
these gut bacteria are highly enriched for genes involved in energy 
production and metabolism, that will help facilitate the host’s 
ability to extract calories from their diet, thus maintaining the gut 
homeostasis (49, 50). In our case, CNMs were an unconventional 
diet/source for butyrate-producing bacteria. As a community of 
bacteria, these multispecies bacteria might cooperate with each 
other for the breakdown of CNMs and exploit the CNMs for 
their growth and butyrate production. Together, these data pro-
vided compelling evidence that although butyrate-producing 
bacteria accounted for a small proportion (~4 to 15%) of total 
gut bacteria, they were the dominant bacteria fermenting CNMs 
as a bioavailable carbon source to produce butyrate.

CNMs Influence Intestinal Stem Cells through Their Transformed 
Butyrate by Microbial Fermentation. The fermentation of CNMs 
contributed to the overproduction of butyrate by butyrate-producing 
bacteria. An open question remains: what are the biological 

consequences of these transformed CNMs in the gut? Because 
excessive butyrate is detrimental to the renewal of gut epithelium 
that is driven by LGR5+ intestinal stem cells (ISCs) (51, 52), 
we speculated that CNMs might cooperate with gut bacteria to 
influence the ISCs function through producing excessive butyrate. 
To test this, we assessed the proliferation of ISCs labeled with 
LGR5 antibody by flow cytometry. As expected, CNMs (2.5 mg/
kg/day) dramatically inhibited LGR5+ ISCs proliferation in the 
colon and small intestine of mice compared to control (Fig. 5 A 
and B). To further verify whether the inhibitory effect of CNMs 
on ISCs was mediated by the overproduction of butyrate, the mice 
were directly exposed to butyrate (5 mM, 10 mM) by oral gavage 
for 3 d. Butyrate inhibited LGR5+ ISCs proliferation in a dose-
dependent manner in the colon and small intestine (Fig. 5 C and D). 
In fact, butyrate can only be produced by the fermentative activity 
of commensal gut microbiota in host (23). In the absence of the gut 
microbiota, CNM-induced inhibition of LGR5+ ISCs proliferation 
was completely ablated in either GF mice (Fig. 5E) or intestinal 
organoids [an in vitro GF system, the crypt where ISCs reside was 
employed for organoid culture (53)] (SI Appendix, Fig. S13A). In 
contrast, butyrate (5  mM) alone showed a suppressed effect on 
LGR5+ ISCs proliferation in GF mice (SI Appendix, Fig. S13B) and 
intestinal organoids (SI Appendix, Fig. S13C), whereas the addition of 
SWCNTs and GO did not enhance this inhibitory effect of butyrate. 
Furthermore, the immunofluorescence analysis also exhibited that 
butyrate suppressed the proliferation (Ki67) of intestinal cells and the 
differentiation of ISCs into goblet cells (Mucin 2) in mice (Fig. 5F) 
and organoids (Fig. 5G). The butyrate-treated organoids exhibited 
distinctly different morphology to control, showing the loss of 
intestinal villi, whereas CNMs alone did not influence the formation 
of intestinal villi in organoids (Fig. 5G and SI Appendix, Fig. S13D). 
These data indicated that CNMs inhibiting ISCs function was due 
to their transformed butyrate indirectly acting on the ISCs (Fig. 5H).

So far, we have shown that CNMs fermentation induced 
increased butyrate. Normally, butyrate has pleiotropic effects, 
including acting as energy source of colonocyte to regulate the 
metabolism through G protein-coupled receptor (54), reinforc-
ing the gut barrier (55, 56) or immunomodulation in the gut 
(57). We showed the inhibitory effect of butyrate on stem cell 
proliferation, which was consistent with a previous study (51). 
They revealed that the intact architecture of intestinal villi pro-
tected the stem cells from the influence of butyrate. However, 
the disrupted intestinal villus induced by CNMs (SI Appendix, 
Fig. S14 A–E) resulted in stem cells inside the base losing the 
protection. As a result, the excessive butyrate can directly act on 
and inhibit the proliferation of intestinal stem cells, again indi-
cating that the influence of CNMs on butyrate levels is sufficient 
to mediate a biological effect. Although inhibition of ISCs func-
tion only represented one mechanism within the complex net-
work of nano–microbiota interactions, these results shed light 
on how CNMs regulated the function of neighboring ISCs 
through their interplay with the gut microbiota. Of course, in 
spite of their negative effect, future studies are warranted to inves-
tigate whether these changes in butyrate also lead to other bio-
logical effects (e.g., regulating metabolism and gut barrier) and 
their influence in butyrate-dependent disease models of colitis, 
allergy, and colorectal cancer.

Conclusions

Recent literature has increasingly implicated the gut microbiota 
as central to human health, regulating the body homeostasis 
directly or holistically via the gut-centric axes and contributing to 
the physiopathologies of diverse diseases (19, 20). Due to its vast D
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complexity and entanglement with the entire human anatomy, 
the gut microbiota has remained to date a largely uncharted ter-
ritory to the exploration of nanomedicine, nanosafety, and nano-
toxicology. Accordingly, the current study made a breakthrough 
by providing an analytical framework for obtaining unique 
insights into the fundamental biological processes and conse-
quences of CNMs dominated by gut microbiota in their hosts. 
We evaluated the life cycle of CNMs in the gut environment where 
trillions of gut microbiota reside. Our results collectively demon-
strated the degradation, transformation, and fermentation of 
CNMs, the aspects closely associated with the biological conse-
quences of CNMs in the gut (Fig. 6) (and beyond).

At the very beginning of CNMs turning into glucose, CNMs 
were first degraded into small fragments along with the decreases 
of size and m/z and increased number of defect sites (Fig. 3). 
Although there are no available techniques capable of identifying 
the specific molecular structure of CNMs fragments, in this 

process, the carbon atom was thermodynamically easier to disso-
ciate from CNMs that can be ultimately used for the synthesis of 
glucose. Importantly, we revealed that the gut microbiota fer-
mented inorganic CNMs as a bioavailable carbon source into 
organic butyrate through the pyruvate pathway during CNMs 
fermentation, which serves as a key process of a delicate ecological 
balance that drives nanoparticles removal in gut microenviron-
ment, thereby entailing a new biological fate and identity of CNMs 
in mammals and breaking the current knowledge system that 
microbes only use organic compounds for the synthesis of organic 
butyrate. Although the precise mechanism of gut microbe discern-
ing and incorporating CNMs is still unknown, there are two pos-
sible ways: 1) Gut microbiota are always exposed to various types 
of particles originating endo- and exo-genously. With the frequent 
intake of nanomaterials by humans, gut microbes have evolved to 
be able to discern these “foreign” particles through the long-term 
domestication. For instance, the metabolic system of gut 
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Fig. 5. CNMs impact the function of intestinal stem cells through butyrate transformed by microbial fermentation. (A and B) SWCNTs and GO (2.5 mg/kg/day) 
inhibited the proliferation of LGR5+ ISCs in the colon (A) and small intestine (B) of mice by oral gavage for 28 d (n = 4, biologically independent mice). (C and D) 
Butyrate inhibited the proliferation of LGR5+ ISCs in the colon (C) and small intestine (D) of mice treated with butyrate (5 mM and 10 mM) by oral gavage for 
3 d (n = 4, biologically independent mice). (E) SWCNTs and GO (2.5 mg/kg/day) had no effect on the proliferation of LGR5+ ISCs in the colon of GF mice for 28 d 
(n = 3, biologically independent mice). (F) Representative immunostaining showing the effects of butyrate (5 mM), SWCNTs and GO on the ISCs (LGR5+, green), 
proliferated cells (Ki67, red) and goblet cells (Mucin 2, red) in colon of mice (n = 4, four replicates). (Scale bar: 50 μm.) (G) Representative immunostaining showing 
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microbiota has been domesticated to recognize exogenous nano 
coronaviruses or plastics (58, 59); 2) Gut microbiota are highly 
enriched for genes involved in carbon metabolism (49, 50), thus 
facilitating the host to extract calories from their normal diet or 
unconventional diet/source (CNMs).

In addition, as a special carbon source, CNMs facilitated the 
growth of butyrate-producing bacteria that dominated the pro-
duction of butyrate from CNMs. It is worth noting that over-
production of butyrate induced by CNMs showed adverse 
consequences on the function of intestinal stem cells. These 
findings help to unravel the fermentation processes of nanoma-
terials in biological hosts and underscore the understanding per-
tinent to the field of nanosafety that engineered nanomaterials 
can not only directly interact with biological systems but also 
indirectly influence their host gut homeostasis through their 
fermented/transformed products. To be noticed, as gut micro-
biota consist of thousands of species of microbes, it is not possible 
to isolate pure enzymes in single bacterial or several bacterial 
strain from such a hugely complex system; further studies are 
warranted to reveal specific bacterial enzyme responsible for 
breaking down CNMs.

Materials and Methods

We include the detailed information of the materials and methods in SI Appendix, 
specifically preparation and characterization of SWCNTs and GO, experimental 
design for the degradation of SWCNTs and GO induced by gut bacteria, bacterial 
viability and number tests, HPLC analysis of SCFAs, verification of isotope butyrate 
derived from 13C-labeled GO and test of pyruvate, calculation of 13C atom num-
ber incorporation in products, activity and content of bacterial enzymes, animal 
experiments, haematology assay, histological assessment, Raman spectroscopy 

analysis of the degradation of SWCNTs and GO, matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry analysis for the degradation 
of SWCNTs and GO, SDS polyacrylamide gel electrophoresis analysis for the 
degradation of SWCNTs and GO, effects of SIF on the degradation of SWCNTs 
and GO, gut microbiota analysis, flow cytometry analysis of intestinal stem cells, 
immunofluorescence of intestine, and isolation and culture of intestinal crypts 
and immunofluorescence as well as statistical analysis.

Data, Materials, and Software Availability. All the sequencing data are 
accessible at Sequence Read Archive (SRA) database with accession number 
PRJNA891872 (https://www.ncbi.nlm.nih.gov/sra/PRJNA891872) (60). All other 
data are included in the manuscript and/or SI Appendix.
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