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The	possibility	that	life	or	its	precursors	can	be	transferred	between	planets	or	even	across	planetary	systems	has	
emerged	as	a	 compelling	 topic	 in	astrobiology.	The	hypothesis	 of	 panspermia	 suggests	 that	microorganisms	or	
prebiotic	organic	materials	may	survive	interplanetary	or	interstellar	transport	through	natural	processes	such	as	
meteorite	 impacts,	 cometary	 transfer,	 or	 dust	 particle	 exchange.	 Recent	 discoveries	 of	 organic	 molecules	 in	
meteorites,	 survival	 capabilities	 of	 extremophiles	 under	 simulated	 space	 conditions,	 and	growing	 knowledge	 of	
planetary	 system	dynamics	 have	 strengthened	 scienti�ic	 interest	 in	 life-transfer	 scenarios.	 This	 review	 explores	
mechanisms	of	material	transfer	across	space,	survival	potential	of	biological	materials	under	extreme	conditions,	
experimental	 evidence	 supporting	 lithopanspermia,	 and	 implications	 for	 the	 search	 for	 extraterrestrial	 life.	
Understanding	 the	 transfer	 and	 survival	 of	 life	 beyond	 planetary	 boundaries	 expands	 our	 perspective	 on	 life's	
resilience	and	distribution	in	the	universe.
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1.	Introduction
Astrobiology seeks to understand the origin, 
evolution, distribution, and future of life in the 
universe. One intriguing question concerns whether 
life must originate independently on each habitable 
world or whether it can spread naturally between 
planets or star systems. The panspermia hypothesis 
proposes that life or its building blocks may travel 
through space embedded within rocks, dust, or icy 
bodies and potentially seed other environments. 
Historically, panspermia was considered speculative, 
but modern discoveries in microbiology and 
planetary science have renewed interest in the 
c o n c e p t .  M i c r o o r g a n i s m s  o n  E a r t h  h a v e 
demonstrated extraordinary resilience, surviving 
extreme temperatures, radiation, vacuum exposure, 
and prolonged dormancy. Simultaneously, studies of 
meteorites have revealed complex organic molecules 
and evidence that planetary materials can be 
exchanged through impact events [1]. Planetary 
system dynamics show that asteroid impacts can eject 
surface material into space, some of which may later 
collide with other planetary bodies. If microbial life 
existed within ejected materials, it could theoretically 
survive transport and colonize new environments. 
Expanding this concept further, interstellar transfer 
between star systems may also be possible over long 
timescales. This article examines mechanisms of 
biological material transfer, survival challenges in 
space, experimental evidence, and implications for 
planetary habitability and life detection efforts.
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2.	Mechanisms	of	Material	Transfer	Across	Space
Material transfer between planetary bodies occurs 
primarily through impact-driven processes. Large 
asteroid or comet impacts can eject rock fragments 
from a planet's surface into space at velocities 
exceeding escape speed. Some of this debris 
eventually intersects with other planets within the 
same system, a process known as lithopanspermia. 
Evidence for interplanetary exchange exists within 
our own solar system. Meteorites originating from 
Mars have been discovered on Earth, demonstrating 
that planetary material can travel naturally between 
planets. Similarly, impacts on Earth and the Moon 
have likely resulted in exchange of rocky debris [2]. 
Beyond planetary systems, material transfer may 
occur through gravitational interactions that eject 
small bodies into interstellar space. Rogue asteroids 
and comets may travel between star systems, 
potentially carrying organic compounds or dormant 
microbial life. Although interstellar transfer requires 
extremely long timescales, survival mechanisms such 
as dormancy or protective shielding within rocks may 
make such transfer possible. Dust particles and 
cometary materials may also transport organic 
molecules  across  planetary environments , 
contributing to chemical evolution even if living 
organisms do not survive.

3.	Survival	Challenges	for	Life	in	Space	
The possibility that life can survive transfer across 
planetary systems depends largely on whether 
biological materials can withstand the extreme 
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conditions encountered in space. Outer space is 
characterized by a combination of environmental 
stressors that are generally hostile to life as we know 
it. These include intense cosmic and solar radiation, 
near-total vacuum, extreme temperature variations, 
desiccation, and prolonged periods without nutrients 
or metabolic activity. Understanding how organisms 
might survive these challenges is essential in 
evaluating panspermia hypotheses. Radiation 
exposure is considered the most signi�icant obstacle. 
Galactic cosmic rays and solar energetic particles can 
penetrate biological tissues and cause severe 
molecular damage, including DNA fragmentation, 
protein degradation, and membrane disruption. Over 
extended time periods, radiation accumulation can 
become lethal even to highly resistant organisms [3]. 
However, certain extremophiles on Earth, such as 
Deinococcus	radiodurans, possess extraordinary DNA 
repair capabilities, enabling them to recover from 
radiation doses that would be fatal to most organisms. 
Additionally, microorganisms embedded within rock 
interiors or protected by dust or ice layers may 
experience signi�icant radiation shielding, enhancing 
survival potential. Vacuum conditions present 
another major challenge because rapid dehydration 
disrupts cellular structures and metabolic functions. 
Yet many microorganisms, particularly bacterial 
spores and certain fungi, can enter dormant states in 
which metabolism nearly stops, allowing them to 
survive extreme desiccation for long periods. 
Dormant cells may reactivate when favorable 
environmental conditions return. Temperature 
extremes in space range from intense heating during 
solar exposure to near absolute zero in shadowed 
regions. Microorganisms generally cannot tolerate 
rapid heating or cooling; however, dormant spores 
and cryotolerant organisms have demonstrated 
survival after freezing and thawing cycles when 
embedded within protective materials. Another 
important survival challenge occurs during the 
impact processes that eject rocks from planetary 
surfaces and later deliver them to other worlds. Shock 
pressures generated by impacts can reach extremely 
high levels, potentially destroying living cells [4]. 
Nonetheless, experimental studies indicate that 
microorganisms located within protected regions of 
rocks may survive such events, especially when shock 
exposure is brief and internal temperatures remain 
moderate, while survival in space is dif�icult, a 
combination of biological resilience and physical 
protection mechanisms makes microbial survival 
during planetary transfer scienti�ically plausible.

4.	Experimental	Evidence	Supporting	Survival	in	
Space	
A growing body of experimental research has 
examined whether microorganisms and organic 
molecules can survive conditions encountered during 
space travel. Space agencies have conducted 
numerous experiments exposing microbes to 
simulated or actual space environments using 
satellites, sounding rockets, and the International 
Space Station (ISS).
Experiments have repeatedly demonstrated that 
bacterial spores, lichens, fungi, and certain algae can 
survive extended exposure to vacuum and radiation 
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conditions when shielded by mineral or organic 
materials. Microorganisms directly exposed to 
ultraviolet radiation typically die rapidly, but survival 
increases dramatically when organisms are 
embedded within rock or dust layers that block 
radiation [5]. Studies simulating meteorite impacts 
have also yielded promising results. Researchers have 
subjected microbe-containing rock samples to shock 
pressures similar to those experienced during 
planetary ejection events.  In several cases, 
microorganisms survived these pressures, suggesting 
that natural impact events might not completely 
sterilize ejected material. Laboratory simulations 
further show that organic molecules such as amino 
acids, nucleobases, and other prebiotic compounds 
can persist in space-like environments when shielded 
within mineral or icy matrices. Some experiments 
even suggest that radiation-driven reactions may 
contribute to synthesis of complex organic molecules 
in space environments [6]. Long-duration exposure 
experiments on the ISS have demonstrated microbial 
survival over periods exceeding one year under 
partial shielding conditions. These �indings 
strengthen arguments that life could potentially 
survive interplanetary transport lasting thousands or 
even millions of years under suitable conditions.

5.	 Interstellar	 Transfer	 and	 Exoplanetary	
Implications	
While interplanetary transfer within a solar system is 
increasingly considered plausible, the possibility of 
transfer between star systems introduces additional 
complexities. Interstellar distances are vast, and 
travel times for natural objects moving between stars 
may extend to millions or tens of millions of years. 
Recent astronomical discoveries have con�irmed that 
interstellar objects pass through planetary systems 
[7].  Objects such as 'Oumuamua and comet 
2I/Borisov demonstrate that material can travel 
between stars. These objects may originate from 
planetary systems where gravitational interactions 
eject comets and asteroids into interstellar space. For 
biological material to survive interstellar transfer, 
organisms would need extraordinary resistance to 
radiation exposure over extremely long durations. 
However, burial within thick rock or ice could provide 
suf�icient shielding to allow some organic molecules 
or dormant microorganisms to survive long enough 
to reach another planetary system. The implications 
of interstellar panspermia are profound. If life can 
spread between star systems, life throughout the 
galaxy might share common ancestry, potentially 
reducing the need for independent origins on 
multiple worlds [8]. Alternatively, interstellar 
transfer may distribute organic building blocks rather 
than complete living organisms, contributing to 
chemical evolution elsewhere. Although still 
speculative, ongoing astronomical observations and 
theoretical modeling continue to explore the 
feasibility of life transfer across stellar distances.

6.	Implications	for	the	Search	for	Extraterrestrial	
Life	
The possibility of natural life transfer in�luences how 
scientists interpret evidence of life beyond Earth. 
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If life can move between planets, detecting 
microorganisms on Mars or icy moons such as Europa 
or Enceladus would not automatically prove an 
independent origin of life on those worlds. Meteorite 
exchange between Earth and Mars, for example, 
suggests that microbes could theoretically travel 
between the two planets. If life were discovered on 
Mars, scientists would need to determine whether it 
originated independently or was transferred from 
Earth or vice versa. This possibility has led to strict 
planetary protection policies governing spacecraft 
missions. Preventing contamination of other planets 
with Earth organisms is critical to preserving the 
scienti�ic integrity of life-detection missions. 
Likewise, preventing possible extraterrestrial 
contamination of Earth remains an important safety 
consideration for sample-return missions [9]. 
Understanding transfer mechanisms also aids 
interpretation of biosignatures. Scientists must 
distinguish between indigenous life forms and those 
potentially transported from elsewhere [10]. Genetic 
comparisons and biochemical analyses may help 
d e t e r m i n e  e v o l u t i o n a r y  r e l a t i o n s h i p s  i f 
extraterrestrial organisms are discovered.
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7.	Challenges	and	Future	Research	Directions	
The advances in panspermia research, signi�icant 
u n c e r t a i n t i e s  r e m a i n  r e g a r d i n g  s u r v i v a l 
probabilities, transfer frequencies, and successful 
c o l o n i z a t i o n  c o n d i t i o n s .  M a ny  l a b o ra to r y 
experiments simplify environmental variables, 
making it dif�icult to fully simulate natural space 
conditions. Future research will increasingly rely on 
long-duration exposure experiments in deep space 
environments, where radiation levels exceed those in 
low Earth orbit. Planned lunar and deep-space 
missions may provide platforms for testing microbial 
s u r v iva l  u n d e r  m o re  re a l i s t i c  c o n d i t i o n s . 
Improvements in genomic and molecular analysis 
techniques may also allow scientists to detect subtle 
evolutionary relationships between organisms, 
potentially revealing whether life across different 
planetary environments shares a common ancestry 
[11]. Planetary exploration missions targeting Mars, 
Europa, Enceladus, and Titan will further clarify the 
distribution of organic chemistry and possible 
biological activity beyond Earth. Continued 
i n t e r d i s c i p l i n a r y  c o l l a b o r a t i o n  b e t w e e n 
astrophysicists, microbiologists, geologists, and 
c h e m i s t s  w i l l  b e  e s s e n t i a l  t o  a d v a n c i n g 
understanding of cosmic life transfer.

Table	1.	Mechanisms	of	Material	Transfer	Supporting	Possible	Life	Exchange

Table	2.	Survival	Factors	Affecting	Biological	Materials	During	Space	Transfer

8.	Conclusion	
Astro biological research increasingly supports the 
idea that life or its molecular precursors may move 
naturally across planetary environments and 
possibly between star systems. Impact-driven 
material exchange, combined with microbial 
r e s i l i e n c e  a n d  m i n e r a l  s h i e l d i n g ,  m a k e s 
interplanetary transfer scienti�ically plausible within 
our solar system. Experimental studies demonstrate 
that microorganisms and organic molecules can 
survive multiple aspects of space exposure, especially 
when protected within rocks or ice. While interstellar 
p a n s p e r m i a  re m a i n s  s p e c u l a t ive ,  g row i n g 
astronomical evidence shows that material exchange 
b e t w e e n  p l a n e t a r y  s y s t e m s  d o e s  o c c u r. 
U n d e r s t a n d i n g  t h e s e  p r o c e s s e s  r e s h a p e s

perspectives on the distribution of life in the universe 
and in�luences strategies for detecting extra-
terrestr ia l  organisms.  An explorat ion and 
interdisciplinary research will determine whether 
life emerges independently on habitable worlds or 
whether it  spreads naturally across cosmic 
environments.
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