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�Acgj�yk�lPP��i�VyHPw�PA-d�jy�jhlm-��ggyL
	tcyk
��c
�cdc
�mlj
���en�od.k����n���DE�DlAm�gHpdcxAgyc�

lj� �t5�� kyc� hdc� gHppycj�� gIAdmjAkAI� eHAwlmId� lmw� wdwAIljAym� jhcyHehyHj� jhAg� pcyzdIj
�  dc�

dTpdcjAgd��dmIyHcledDdmj�lmw�,dPAdk�Am�jhd�cdPdxlmId�yk�jhAg�cdgdlcIh�hlxd�,ddm�AmgjcHDdmjlP�

Am�wcAxAme�jhAg�Vyc-�kycVlcw�lmw�,cAmeAme�Aj�jy�IyDpPdjAym
�i�lD�gAmIdcdPE�ecljdkHP�kyc�hdc�Iymgjlmj�

lxlAPl,APAjE��IymgjcHIjAxd�kddw,lI-�lmw�AmgpAcAme�DdmjycghAp
�

i� VyHPw� lPgy� PA-d� jy� jhlm-� ly
� 5mAx
	tcyk
� �c
��kw keA���m�w���DE� gHpdcxAgyc� lj� jhd�

5mAxdcgAjE� yk� 4Admml�� kyc� hAg� xlPHl,Pd� AmpHj� lmw� gHppycj� jhcyHehyHj� DE� th�� gjHwAdg
�  Ag�

AmjdcwAgIApPAmlcE� pdcgpdIjAxd� lmw� IyDDAjDdmj� IymjcA,Hjdw� gAemAkAIlmjPE� jy� jhd� kHmwlDdmjlP�

cdgHPjg�yk�jhAg�jhdgAg
�

��gpdIAlP�jhlm-g�ey�jy�DE�kcAdmwg�lmw�kdPPyV�wyIjyclP�gjHwdmjg�	�
dets�eL����c�sso���

th�� Ilmw
����.�ee�c� ��c�  w�m�� th�� Ilmw
� lmw���m��w� ��k �ms�� th�� 	� kyc� jhdAc� ghlcdw�

dTIhlmed�yk�dTpdcAdmIdg��dDyjAymlP�gHppycj�lmw�lwxAId�lPyme� jhAg� zyHcmdE
�3hdAc�pcdgdmId�

Dlwd�jhd�IhlPPdmedg�yk�wyIjyclP�PAkd�myj�ymPE�Dycd�Dlmledl,Pd��,Hj�ykjdm�Dycd�dmzyEl,Pd
�

�Am�elmL�,dgymwdcdc��lm-�eAPj�lHIh�DdAmdm��Pjdcm���e �w��Hmw���kemk�c��wAd�DAIh�

DAj�xAdP��meledDdmj��1Ad,d�Hmw�4dcjclHdm�lHk�DdAmdD�vde�,dePdAjdj�hl,dm
�nhmd�Ahcd�gjdjAed�

5mjdcgj/jLHme�	�Am�zdwdc�1d,dmgPled�	�Vücd�wAdgdc��,gIhPHgg�mAIhj�D=ePAIh�edVdgdm
�

3y�DE�,dPyxdw�hHg,lmw�
w�l�et��jhlm-�EyH�kyc�,dAme�DE�ecdljdgj�gyHcId�yk�gjcdmejh��

gjl,APAjE��lmw�HmIymwAjAymlP�gHppycj�jhcyHehyHj�jhdgd�plgj�Edlcg
�syH�hlxd�gjyyw�,E�DE�gAwd�

wHcAme� Pyme�mAehjg��DyDdmjg�yk� kcHgjcljAym��lmw�wdlwPAmdg� jhlj�gddDdw� ADpyggA,Pd� 	�lPVlEg�

VAjh�IlPD��cdlggHclmId��lmw�l�gjdlwE�,dPAdk�Am�DE�Vyc-�lmw�l,APAjAdg
�syHc�pljAdmId��dDyjAymlP�

pcdgdmId��lmw�Iymgjlmj�DyjAxljAym�hlxd�Ddlmj�Dycd�jy�Dd�jhlm�Vycwg�Ilm�dTpcdgg
�3hlm-�

EyH�kyc�mdxdc�PdjjAme�Dd�kycedj�Vhy�i�lD��lmw�kyc�Dl-Ame�Dd�kddP�jhlj�i�lD�mdxdc�lPymd��my�

Dljjdc�hyV�yxdcVhdPDAme�jhd�zyHcmdE�,dIlDd
�3hAg�lIIyDpPAghDdmj�Ag�lg�DHIh�EyHcg�lg�Aj�Ag�

DAmd
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��u� �IcEPymAjcAPd�,HjlwAdmd�gjEcdmd�

��b� �IcEPljd�pyPEDdc�

�t�C� �jhEPdmd�pcypEPdmd�wAdmd�DymyDdc�

�4�� �jhEPdmd�xAmEP�lIdjljd�

�4n � �jhEPdmd�xAmEP�lPIyhyP�

1�t�� 1yV�wdmgAjE�pyPEdjhEPdmd�

t�� tyPElDAwd���mEPym�

t������t����� oEPym�����oEPym����

t�o� tyPElIcEPymAjcAPd�

t�� tyPEIlc,ymljd�

t�� tyPEdjhEPdmd�

t���� tyPEdjhEPdmd	Iy	lIcEPAI�lIAw�

t�3� tyPEdjhEPdmd�jdcdphjhlPljd�

t�u� tyPEdgjdc�

t�4�� tyPEdjhEPdmd�xAmEP�lIdjljd�

tCC�� tyPEDdjhEP�DdjhlIcEPljd�

tnC� tyPEyTEDdjhEPdmd�

tt� tyPEpcypEPdmd�

tu� tyPEgjEcdmd�

tu�o� tyPEgjEcdmd	Iy	lIcEPymAjcAPd�

t3��� tyPEjdjclkPHycydjhEPdmd�

t5� tyPEHcdjhlmd�

t4�� tyPExAmEP�lPIyhyP�

t4�I� tyPExAmEP�pcypAymljd�lIdjljd�

t4�� tyPExAmEP�IhPycAwd�
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���esk k��skde�l�scd�t�

��C� �jyDAI�kycId�DAIcygIypE�

�ui	Cu�Cu�� �PdIjcygpclE�AymALljAym�jcApPd	UHlwcHpyPd�Dlgg�gpdIjcyDdjdc�

�3ib� �yHcAdc�jclmgkycD�Amkclcdw�gpdIjcygIypE�

1�ib�� 1lgdc�wAcdIj�Amkclcdw�gpdIjcygIypE�

:	�3ib� CAIcy�kyHcAdc�jclmgkycD�gpdIjcygIypE�

:	blDlm�� blDlm�DAIcy	gpdIjcygIypE�

tEcyPEgAg� ��Cu�� tEcyPEgAg�elg�IhcyDljyeclphE�Dlgg�gpdIjcyDdjcE�

blDlm�� blDlm�gpdIjcygIypE�

3�C� 3clmgDAggAym�dPdIjcym�DAIcygIypE�
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 n �  Ewcyedm�pdcyTAwd�

 on � oAjcAI�yTAwd�

.n � tyjlggAHD�hEwcyTAwd�

ol�Pn� uywAHD�hEpyIhPycAjd�

oln � uywAHD�hEwcyTAwd�

�



�

�

�

xAA�

���������

3hd�VAwdgpcdlw� pcdgdmId� yk� pPlgjAIg� lmw� AmlwdUHljd�Vlgjd�DlmledDdmj� hlxd� Pdw� jy� jhd�

wAgjcA,HjAym�yk�DAIcypPlgjAIg�lmw�mlmypPlgjAIg�Am�jhd�dmxAcymDdmj
�bdIdmj�gjHwAdg�hlxd�ghyVm�

jhd�pcdgdmId�yk�DAIcypPlgjAIg� Am� xlcAyHg�hHDlm� jAggHdg�� kPHAwg�� lmw�dxdm� jhd�,PyywgjcdlD
�

 yVdxdc�� jhdcd� Ag� gjAPP� my� gjlmwlcwALdw�� mym	plcjAIPd	wlDleAme�Ddjhyw� kyc� jhd� wAedgjAym� yk�

hHDlm�glDpPdg�lmw�my�IPdlc�dxAwdmId�yk�jhd�cdgHPjAme�dkkdIjg�ym�hHDlm�xlgIHPlc�hdlPjh� Am�

jdcDg�yk�,Pyyw�pcdggHcd
�

3hdcdkycd�� jhd�lAD�yk� jhAg�wAggdcjljAym�Vlg� jy�wdxdPyp�gjlmwlcwALdw�wAedgjAym�Ddjhywg�lmw�

lggdggAme�jhd�pyjdmjAlP�ADplIj�yk�pPlgjAI�plcjAIPdg�ym�hHDlm�,Pyyw�pcdggHcd
�

3hdgd�IhlPPdmedg�Vdcd�lwwcdggdw�,E�jhcdd�IyDpPdDdmjlcE�gjHwAdg��VAjh�jhd�kyPPyVAme�

DdjhywyPyeAIlP�kyIHg���
��myxdP�dmLEDljAI�Ddjhyw�wdxdPypDdmj�HgAme�pdpgAm�lmw�plmIcdljAm�

wAedgjAym�kyc�,Pyyw	,lgdw�DAIcypPlgjAI�wdjdIjAym������ypjADALljAym�yk�jAggHd�wAedgjAym�pcyjyIyPg�

,E� jdgjAme� pdpgAm� lmw� plmIcdljAm� lg� dmLEDljAI� cdledmjg� lmw� pyjlggAHD� hEwcyTAwd� lg� l�

IhdDAIlP� cdledmj�� lmw� ���� l� gEgjdDljAI� cdxAdV�yk� jhd�pyjdmjAlP� dkkdIjg� yk� IAcIHPljAme�pPlgjAI�

plcjAIPdg�ym�hHDlm�,Pyyw�pcdggHcd
�

3hd�pdpgAm�lmw�plmIcdljAm�wAedgjAym�Ddjhyw�Vlg�wdxdPypdw� jy�DADAI�phEgAyPyeAIlP�

elgjcyAmjdgjAmlP�IymwAjAymg�lmw�pcyxdw�jy�,d�lm�dkkdIjAxd�lmw�edmjPd�Ddjhyw�kyc�,Pyyw�wAedgjAym��

VAjhyHj� wlDleAme� �� :D� pyPEgjEcdmd� plcjAIPdg
� vhAPd� dmLEDljAI� Ddjhywg� wAw� myj� pcyxAwd�

gHkkAIAdmj�wAedgjAym�dkkAIAdmIE�kyc�pycIAmd�ycelmg��wAedgjAym�VAjh�
����pyjlggAHD�hEwcyTAwd�lj�

��8N��cdgHPjdw�Am�gHIIdggkHP�wAggyPHjAym�yk�PHme��PAxdc�lmw�-AwmdE�ycelmg��lmw�my�lPjdcljAymg�yk�


8lmw� �� :D� pyPEgjEcdmd� plcjAIPdg
� im� AmxdgjAeljAme� jhd� pyjdmjAlP� phEgAyPyeAIlP� cdPdxlmId� yk�

pPlgjAI�plcjAIPdg�Am�jhd�IAcIHPljycE�gEgjdD��wljl�kcyD�Am�xAjcy�DywdPg��Am�xAxy�gjHwAdg�lmw�hHDlm�

IPAmAIlP�jcAlPg�gHeedgj�pPlHgA,Pd�DdIhlmAgDg�,E�VhAIh�plcjAIPdg�DlE�IlHgd�dmwyjhdPAlP�AmzHcE��

pPljdPdj�lIjAxljAym�lmw�AmkPlDDljAym��pyjdmjAlPPE�IymjcA,HjAme�jy�,Pyyw�pcdggHcd�dPdxljAymg
�

nxdclPP�� jhAg� jhdgAg� hAehPAehjg� jhd� mddw� kyc� gjlmwlcwALdw�� mym	wdgjcHIjAxd� wAedgjAym�

pcyjyIyPg�jhlj�,cAwed�jhd�elp�,djVddm�wAedgjAym�dkkAIAdmIE�lmw�pcdgdcxljAym�yk�pPlgjAI�gjcHIjHcd�

jy� ADpcyxd� jhd� lIIHclIE� yk� pPlgjAI� wdjdIjAym� Am� ,AyPyeAIlP� glDpPdg�� jy� ,djjdc� lggdgg� jhdAc�

pyjdmjAlP�ADplIj�ym�,Pyyw�pcdggHcd
�
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�Ad� LHmdhDdmwd� tcügdmL� xym� .Hmgjgjykkdm� Hmw� wAd� dAmhdcedhdmwd� HmLHcdAIhdmwd�

�,klPPdmjgyceHme�hl,dm�LH�dAmdc�gjlc-dm��mglDDPHme�xym�CA-cy	�Hmw�olmy-Hmgjgjykkdm�Am�wdc�

5DVdPj� edk/hcj
� 2/megjd� ujHwAdm� hl,dm� wdm� olIhVdAg� xym� CA-cypPlgjA-� Am� xdcgIhAdwdmdm�

DdmgIhPAIhdm� dVd,dm�� �P/ggAe-dAjdm� Hmw� gyelc� AD��PHj-cdAgPlHk� ,dgjüjAej
� �g� eA,j� zdwyIh�

myIh�ADDdc�-dAmd�gjlmwlcwAgAdcjd��plcjA-dPgIhymdmwd�Cdjhywd�k/c�wdm�4dcwlH�DdmgIhPAIhdc�

tcy,dm� Hmw� -dAmd� dAmwdHjAedm��dPded� k/c� wAd� wlclHg� cdgHPjAdcdmwdm��HgVAc-Hmedm� lHk� wAd�

DdmgIhPAIhd� dküqedgHmwhdAj�Am��dLHe�lHk�wdm��PHjwcHI-
�

fAdP�wAdgdc��AggdcjljAym�Vlc�dg�wlhdc��gjlmwlcwAgAdcjd�4dcwlHDdjhywdm�LH�dmjVAI-dPm�

Hmw�wAd�D=ePAIhdm��HgVAc-Hmedm�xym�.HmgjgjykkplcjA-dPm�lHk�wdm�DdmgIhPAIhdm��PHjwcHI-�LH�

,dVdcjdm
�

�Adgd�  dclHgkycwdcHmedm� VHcwdm� wHcIh� wcdA� dceümLdmwd� ujHwAdm� DAj� kyPedmwdm�

DdjhywAgIhdm�uIhVdcpHm-jdm�,dhlmwdPj���
���mjVAI-PHme�dAmdc�mdHdm�4dcwlHDdjhywd�Hmjdc�

4dcVdmwHme� xym� tdpgAm� Hmw� tlm-cdljAm� k/c� wdm� olIhVdAg� xym� CA-cypPlgjA-� AD� �PHj�� ����

npjADAdcHme� xym� tcyjy-yPPdm� k/c� wdm�  dVd,dxdcwlH� DAjjdPg� tdpgAm� Hmw� tlm-cdljAm� lPg�

dmLEDljAgIhd� bdledmLAdm� Hmw� .lPAHDhEwcyTAw� lPg� IhdDAgIhdg� bdledmL� Hmw� ���� dAmd�

gEgjdDljAgIhd�5mjdcgHIhHme�wdc�pyjdmLAdPPdm��HgVAc-Hmedm�LAc-HPAdcdmwdc�tPlgjA-plcjA-dP�lHk�

wdm�DdmgIhPAIhdm��PHjwcHI-
�

�Ad� 4dcwlHHmegDdjhywd� DAj� tdpgAm� Hmw� tlm-cdljAm� VHcwd� dmjVAI-dPj�� HD�

phEgAyPyeAgIhd� Cledm	�lcD	�dwAmeHmedm� mlIhLHlhDdm�� Hmw� hlj� gAIh� lPg� VAc-glDd� Hmw�

gIhymdmwd�Cdjhywd� k/c� wdm� �PHjxdcwlH� dcVAdgdm�� yhmd� �� :D� ecyqd� tyPEgjEcyPplcjA-dP� LH�

,dgIhüwAedm
�vühcdmw�dmLEDljAgIhd�Cdjhywdm�-dAmd�lHgcdAIhdmwd�4dcwlHHmegdkkALAdmL�k/c�

uIhVdAmdycelmd�PAdkdcjdm��k/hcjd�wAd�4dcwlHHme�DAj�
����.lPAHDhEwcyTAw�,dA����N��LH�dAmdc�

dckyPecdAIhdm� �HkP=gHme� xym� 1Hmedm	�� 1d,dc	� Hmw� oAdcdmycelmdm�� yhmd� wlgg� 
� Hmw� �� :D�

ecyqdm� tyPEgjEcyPplcjA-dP� xdcümwdcj� VHcwdm
� �dA� wdc� 5mjdcgHIhHme� wdc� pyjdmLAdPPdm�

phEgAyPyeAgIhdm�bdPdxlmL�xym�.HmgjgjykkplcjA-dPm� AD�.cdAgPlHkgEgjdD�LdAejdm��ljdm�lHg�im	

xAjcy	CywdPPdm�� im	xAxy	ujHwAdm� Hmw� -PAmAgIhdm� ujHwAdm� lD� CdmgIhdm�� wlgg� tlcjA-dP� LH�
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�mwyjhdPxdcPdjLHme�� 3hcyD,yLEjdml-jAxAdcHme� Hmw� �mjL/mwHmedm� k/hcdm� Hmw� wlDAj�

D=ePAIhdcVdAgd�LH�dAmdc��ch=hHme�wdg��PHjwcHI-g�,dAjcledm�-=mmdm
�

imgedglDj�HmjdcgjcdAIhj� wAdgd��c,dAj� wdm��dwlck� lm� gjlmwlcwAgAdcjdm�� Ldcgj=cHmegkcdAdm�

4dcwlHHmegpcyjy-yPPdm�� wAd� wAd� 1/I-d� LVAgIhdm� 4dcwlHHmegdkkALAdmL� Hmw� �chlPjHme� wdc�

.HmgjgjykkgjcH-jHc� gIhPAdqdm�� HD� wAd�  dmlHAe-dAj� wdg� olIhVdAgdg� xym� .Hmgjgjykkdm� Am�

,AyPyeAgIhdm�tcy,dm� LH� xdc,dggdcm� Hmw� Ahcd� pyjdmLAdPPdm��HgVAc-Hmedm� lHk� wdm��PHjwcHI-�

,dggdc�,dHcjdAPdm�LH�-=mmdm
�
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���� �wGe� ���G ��w �G��r1�in���rG11gn�G 	���inw��gn�G �� ���1�ii�����n�G �

3hd�VAwdgpcdlw�pcdgdmId�yk�DAIcypPlgjAIg��Ctg��lmw�mlmypPlgjAIg��otg��Am�jhd�dmxAcymDdmj�

hlg�clAgdw�AmIcdlgAme�IymIdcm�l,yHj�jhdAc�pyjdmjAlP�ADplIj�ym�hHDlm�hdlPjh�Am�jhd�Plgj�IyHpPd�

yk�Edlcg��vycPw� dlPjh�ncelmALljAym�������
���IcAjAIlP�AggHd�IymIdcmAme�pPlgjAI�Ag�Ajg�PymedxAjE�

VAjhAm�jhd�dmxAcymDdmj��Vhdcd�Aj�pdcgAgjg�yxdc�l�jADdgplm�clmeAme�kcyD�hHmwcdwg�jy�jhyHglmwg�

yk� Edlcg� jy� IyDpPdjd� wAggyPHjAym� �2lD,dI-� dj� lP
�� ��
��
� �� ecyVAme� kyIHg� ym� gHgjlAml,Pd�

DljdcAlPg� hlg� Pdw� jy� jhd�wdxdPypDdmj�yk� ,Aywdeclwl,Pd�pPlgjAIg�lg�pyjdmjAlP� lPjdcmljAxdg� jy�

IymxdmjAymlP� pyPEDdcg
�  yVdxdc�� wdgpAjd� jhdAc� Amjdmwdw� dmxAcymDdmjlP� ,dmdkAjg�� DljdcAlPg�

gHIh�lg�pyPEPlIjAI�lIAw��t1���lmw�pyPEhEwcyTElP-lmyljdg��t �g��klId�gAemAkAIlmj�IhlPPdmedg�

Am� jdcDg� yk� gjl,APAjE�� ,Aywdeclwl,APAjE� lmw� cdeHPljycE� gjlmwlcwg�� lmw� jEpAIlPPE� gjcHeePd� VAjh�

,cAjjPdmdgg��hdlj�cdgAgjlmId��IyPyHc�Ihlmedg��PyV�Iygj�gyPHjAymg�lmw�AmgHkkAIAdmj�wdeclwljAym�Am�

mljHclP�dmxAcymDdmjg��1lcl	3ypdjd�dj�lP
�������
��ymgdUHdmjPE��wdgpAjd�ecyVAme�dmxAcymDdmjlP�

IymIdcmg��pPlgjAI�pyPEDdcg�IymjAmHd�jy�,d�lm�AmjdeclP�plcj�yk�xlcAyHg�AmwHgjcAlP�lmw�IymgHDdc�

eyywg�wHd�jy�jhdAc�HmAUHd�kHmIjAymlP�pcypdcjAdg
�

3hdcdkycd�� eAxdm� jhAg� VAwdgpcdlw� pcdgdmId�� Aj� Ag� IcHIAlP� jy� IPlggAkE� jhdgd� plcjAIPdg�

lIIycwAme�jy�jhdAc�ycAeAm�lmw�kycDljAym�pcyIdgg
��HcjhdcDycd��Aj�cdUHAcdg�l�IPdlc�AwdmjAkAIljAym�

yk� phEgAIlP� kycDg� gHIh� lg� kA,cdg�� plcjAIPdg�� kcleDdmjg�� lmw� kAPDg�� lPyme�VAjh� l� pcdIAgd� lmw�

gjlmwlcwALdw�myDdmIPljHcd�kyc�Ctg�lmw�otg��jy�dkkdIjAxdPE�lggdgg�jhdAc�pyjdmjAlP�hdlPjh�cAg-g�

��AeHcd�
�
�tPlgjAI�plcjAIPdg�lcd�wAxAwdw�Amjy�pcADlcE�Ctg��VhAIh�lcd�AmjdmjAymlPPE�pcywHIdw�Am�

DAIcygIypAI�gALd�kyc�Hgd�Am�pdcgymlP�Ilcd�pcywHIjg�yc�phlcDlIdHjAIlPg
�udIymwlcE�Ctg�lcd�

kycDdw�HmAmjdmjAymlPPE�jhcyHeh�jhd�wdeclwljAym�yk�Plcedc�pPlgjAI�Vlgjd�Am�jhd�dmxAcymDdmj�xAl�

phEgAIlP��IhdDAIlP��lmw�,AyPyeAIlP�pcyIdggdg��gHIh�lg�jhdcDlP�yc�phyjy	yTAwljAxd�wdeclwljAym�

pcyIdggdg��yc�pPlgjAI�Vlgjd�edmdcljdw�Am�Vdlc�lmw�jdlc�kcyD�Ddlmg�yk�jclmgpycj��VlghAme�yk�

gEmjhdjAI� kl,cAIg� yc� jhd� wdeclwljAym� yk� pPlgjAI� DljdcAlPg� Am� Hc,lm� dmxAcymDdmjg� ��l� uAPxl�

�mjHmdg�dj�lP
��������CyccdlPd���1l�ClmjAl��������uyme�dj�lP
�������
��

uIAdmjAkAI� PAjdcljHcd� pcyxAwdg� l� xlcAdjE� yk� wdkAmAjAymg� kyc� Ctg� lmw� otg�� cdgHPjAme� Am�

wAkkdcdmj�IPlggAkAIljAymg�VAjh�cdelcw�jy�jhdAc�gALd
�im�edmdclP��Ctg�lcd�IymgAwdcdw�jy�,d�pPlgjAI�
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kcleDdmjg�clmedg�kcyD�
���mD�jy���DD���AeHcd�
�����u��tlmdP�ym��ymjlDAmlmjg�Am�jhd��yyw�

�hlAm� ��no3�C��� ��
��
� im� Iymjclgj��otg� lcd� kcdUHdmjPE� IhlclIjdcAgdw� lg� plcjAIPdg� Am� jhd�

mlmyDdjcd�clmed���AeHcd�
�
�uyDd�wdkAmAjAymg�IPlggAkE�otg�lg�clmeAme�kcyD�
�jy�
���mD��ixPdxl��

���
���VhAPd�yjhdcg�dTjdmw�jhd�clmed�kcyD�
�mD�jy�
�:D����u��tlmdP�ym��ymjlDAmlmjg�Am�jhd�

�yyw��hlAm���no3�C�����
��
��myjhdc�IljdeycE�Ag�jhlj�yk�gH,	DAIcypPlgjAI��VhAIh�wdgIcA,dg�

plcjAIPdg�Am�jhd�gALd�clmed�,djVddm�
���mD�lmw�
�:D���AeHcd�
���ixPdxl�����
��4lgHwdx�dj�lP
��

��
��
�im�jhd�kyPPyVAme�jhdgAg��plcjAIPdg�Hp�jy�l�gALd�yk�
���mD�lcd�cdkdccdw�jy�lg�otg�lmw�jhygd�

l,yxd�jhAg�gALd�lcd�cdkdccdw�jy�lg�Ctg
�

3hd�lIIHDHPljAym�yk�pPlgjAIg�Am�jhd�dmxAcymDdmj�hlg�Pdw�jy�jhd�AwdmjAkAIljAym�yk�jhd�Dygj�

pcdxlPdmj�jEpdg��VhAIh�AmIPHwd�pyPEgjEcdmd��tu���pyPEpcypEPdmd��tt���pyPExAmEP�IhPycAwd��t4����

pyPEdjhEPdmd� �t���� pyPEdjhEPdmd� jdcdphjhlPljd� �t�3��� pyPElDAwd� �t���� pyPEDdjhEP�

DdjhlIcEPljd��tCC����pyPEdgjdc��t�u���pyPEHcdjhlmd��t5��lmw�pyPElIcEPljd��t���
��A,cdg�lmw�

kcleDdmjg�lcd� jhd�wyDAmlmj� kycDg��VhAPd� kAPDg��ghddjg��lmw�gphdcdg�lppdlc� Pdgg� kcdUHdmjPE�

��AeHcd�
���.hlcd���.hlcd��������.HjclPlD	CHmAlglDE�dj�lP
��������4wyxIhdm-y���bdgDAmA��

�����
�3hd�wAgIcdplmIE�Am�jhd�cdpycjdw�pcdxlPdmId�yk�Ctg�lIcygg�wAxdcgd�PAjdcljHcd�gyHcIdg�

Ilm�,d�lgIcA,dw�jy�xlcAljAymg�Am�jhd�gALd�wdjdIjAym�jhcdghyPwg
�3hAg�HmwdcgIycdg�jhd�mdIdggAjE�

kyc�gjlmwlcwAgdw�cdgdlcIh�DdjhywyPyeAdg�jy�klIAPAjljd�l�Dycd�pcdIAgd�dxlPHljAym�yk�gDlPPdc�Ctg�

lmw�jhdAc�pyjdmjAlP�hdlPjh�dkkdIjg��4wyxIhdm-y���bdgDAmA�������
�3hdgd�pyPEDdcg�IyDd�kcyD�

xlcAyHg�VAwdPE�Hgdw�IymgHDdc�lmw�AmwHgjcAlP�lppPAIljAymg��gHIh�lg�t�3�Am�Vljdc�,yjjPdg��tt�Am�

EyehHcj�plI-leAme��tu�Am�kyyw�IymjlAmdcg�lmw�plI-leAme�DljdcAlPg��t��kyc�plI-leAme�lmw�kyAPg��

t4��Am�IymgjcHIjAym�yc�t�u�Am�IPyjhAme���AeHcd�
����dgAwdcE���1lmyjjd��������uddVyy�dj�lP
��
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�kA m������e.kmdel�es�w�td m��t��e���c�m��s�mktsk�t�d �gmkl�mv��e��t��de��mv�gw�tsk�t��

�yDpcdhdmgAxd� yxdcxAdV� yk� jhd� ePy,lP� gpcdlw� yk� pPlgjAI� plcjAIPdg�� gHccyHmwdw� ,E� -dE�

lmjhcypyedmAI� gyHcIdg� lmw� gALd� IPlggAkAIljAym� yk� Ctg� lmw� otg� jhlj� yIIHc� Am� xlcAyHg�

DycphyPyeAIlP�kycDg���cdljdw�Am��Aybdmwdc
� dppmdc��1
��������hjjpg����Aybdmwdc
IyD��

h��T����
�
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 �1pn���1�eGw �1Ge��Gw���n��n�G �G��r1�in���r�wn��1�i�� ��g.� �i�.r1�i�

�ymgAwdcAme�jhd�cAgAme�mHD,dc�yk�gjHwAdg�AwdmjAkEAme�Ctg�Am�hHDlm�ycelmg��kPHAwg�lmw�jAggHdg��

jhd�wdxdPypDdmj�yk�gjlmwlcwAgdw�lmw�xlPAwljdw�wAedgjAym�Ddjhywg�Ag�dggdmjAlP�kyc�lggHcAme�jhd�

IyDplcl,APAjE� lmw� cdPAl,APAjE� yk� jhdgd� kAmwAmeg
�  yVdxdc�� jhdcd� lcd� IHccdmjPE� my� dgjl,PAghdw�

gjlmwlcwALdw�Ddjhywg� kyc� jhd� IyPPdIjAym�� pcdplcljAym�� UHlmjAkAIljAym� lmw� IhlclIjdcALljAym� yk�

pPlgjAI�plcjAIPdg
��

��xlcAdjE�yk�Ddjhywg�hlxd�,ddm�HjAPALdw� kyc� jhd�pHcpygd�yk�wdjdIjAme�pPlgjAIg� Am� jhd�

IymjdTj�yk� jhd�wAedgjAym�yk�hHDlm�,ywE�kPHAwg��ycelmg�lmw�jAggHdg���AeHcd���
��Dyme�jhdgd�

Ddjhywg��IhdDAIlP�wAedgjAym�gjlmwg�yHj�lg�l�pcyDAmdmj�lppcylIh
�3hd�Dygj�IyDDymPE�Hgdw�

lP-lPAmd� wAedgjAxd� ledmj� Ag� pyjlggAHD� hEwcyTAwd� �.n �
�  yVdxdc�� dxdm� jhAg� Ag� myj� l�

gjlmwlcwALdw�pcyIdgg��lg�Aj�Ag�Hgdw�Am�wAkkdcdmj�IymIdmjcljAymg��
����
�����
������������kyc�

dTjcdDdPE�wAkkdcdmj�wHcljAymg��VhAIh�Ilm� clmed� kcyD�l� kdV�hyHcg� jy�Vdd-g��lmw� Am�wAkkdcdmj�

AmIH,ljAym�jdDpdcljHcdg��VhAIh�clmed�kcyD�cyyD�jdDpdcljHcd�jy�
���N����LAdcżE&g-A�dj�lP
��

������sHm�dj�lP
��������fhlme�dj�lP
�����
l�
� yVdxdc��gywAHD�hEwcyTAwd��oln ��Ag�lPgy�Hgdw��

Am�lwwAjAym�jy�lIAwg�gHIh�lg�mAjcAI�lIAw�� on ��lmw�yTAwALAme�ledmjg�gHIh�lg�hEwcyedm�pdcyTAwd�

� n �� lmw��dmjym�g� cdledmj� � n �VAjh� Acym�ii�� gHPkljd�� ��LAdcżE&g-A� dj� lP
�� �����
��P-lPAmd�

wAedgjAym�Ddjhywg�lcd�edmdclPPE�IymgAwdcdw�jy�,d�l�,dmdkAIAlP�lppcylIh�kyc�jhd�wdeclwljAym�yk�

ycelmAI�DljdcAlPg
� yVdxdc��Aj�hlg�,ddm�y,gdcxdw�jhlj�jhd�Hgd�yk�
����.n �lmw�
��C�oln �

gyPHjAymg�Ilm�cdgHPj�Am�lPjdcljAymg�jy�jhd�phEgAIlP�IhlclIjdcAgjAIg�yk�IdPPHPygd�lIdjljd�lmw�t�3��

AmIPHwAme�Ihlmedg�Am�ghlpd�lmw�gALd���dhlHj�dj�lP
����
����ghyVdw�cdwHIjAym�yk�jhd�cdIyxdcE�

cljd�yk�t4���lmw�IyPyc�Ihlmedg�yk�t������.lclDA�dj�lP
����
��
��IAwAI�wAedgjAym�cdxdlPdw�eyyw�

cdDyxdDdmj�yk�ycelmAI�Dljjdc� Am�l�ghycj� jADd�,E� on �,Hj�IlHgdw� jhd���u��t���lmw�t�3�

plcjAIPdg� jy� wdIyDpygd� yc� wAgAmjdecljd� Amjy� gDlPPdc� kcleDdmjg� �uIhdHcdc����AelP-d�� ��
��
�

�wwAjAymlPPE��Aj�Vlg�cdpycjdw�jhlj� on �Ilm�wdgjcyE�t�3��tu��tt��t5��t���t4���t��lmw�t��

�1RpdL	byglPdg�dj�lP
�����
�
�bdgHPjg�yk� n �wAedgjAym�cdxdlPdw�gljAgklIjycE�wAedgjAym�dkkAIlIE�

l,yxd����N���,Hj�Icdljdw�kylDE�lmw�yTAwALdw�plcjAIPdg��wdeclwdw�t����lmw�t�����lmw�Ihlmedw�

jhd�IyPyc�yk�t�3��.lclDA�dj�lP
����
��
�
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im�l�PADAjdw�mHD,dc�yk�Ilgdg��lm�dmLEDljAI�Ddjhyw�dDpPyEAme�pcyjdAmlgd�.���cAjg�dj�

lP
��������1dgPAd�dj�lP
��������yc��ycyPlgd���Dljy	1yHcdmöy�dj�lP
�����
��������Vdcd�Hgdw�kyc�

jhd�wAedgjAym�yk�hHDlm�,Pyyw��PHme�jAggHd��yc�jAggHd�kcyD�jhd�yPklIjycE�,HP,
���gjHwE�,E��yPd�

lmw�IyPPdleHdg�cdxdlPdw�pcyjdAmlgd�.�lg�jhd�Dygj�dkkdIjAxd�Ddjhyw�kyc�cdPdlgAme�DAIcypPlgjAI�

plcjAIPdg� kcyD� LyypPlm-jym� glDpPdg� ��yPd� dj� lP
�� ��
��
� im� lwwAjAym�� wAedgjAym� yk� gdl,Acw�

gjyDlIhg�VAjh��ycyPlgd�Vlg�cdpycjdw�jy�,d�Dycd�IhlPPdmeAme�wHd�jy�jhd�hAeh�Iygj�lmw�PADAjdw�

lxlAPl,APAjE�yk�jhAg�cdledmj��1lxdcg�dj�lP
����
��
�

�

3hd� gdPdIjAym�yk� lm�lppcypcAljd� wdjdIjAym�Ddjhyw� kyc�Ctg� AmxyPxdg�l� IlcdkHP� dxlPHljAym�yk�

klIjycg�gHIh�lg�cdgyPHjAym��Iygj��lmw�lIIdggA,APAjE
��lIh�jdIhmAUHd�pyggdggdg�HmAUHd�gjcdmejhg�

lmw�PADAjljAymg��mdIdggAjljAme�l�zHwAIAyHg�IhyAId�jy�lIhAdxd�ypjADlP�yHjIyDdg
���Pyj�yk�wAkkdcdmj�

AwdmjAkAIljAym�jdIhmAUHdg�hlxd�,ddm�Hgdw�kyc�jhd�wdjdIjAym�yk�pPlgjAI�plcjAIPdg�Am�hHDlm�glDpPdg�

��AeHcd���
�

3hdgd� AmIPHwd� ��l�e� lk�md�tg��smdt�dgv� �:	blDlm��� l� hAehPE� pcdxlPdmj�

AwdmjAkAIljAym� Ddjhyw�� VhAIh� IyD,Amdg� PAehj� DAIcygIypE� VAjh� blDlm� gpdIjcygIypE
� ij�

pyggdggdg�l�hAeh�wdecdd�yk�gpljAlP� cdgyPHjAym�lmw�pcyxAwdg� AmkycDljAym�l,yHj�Ctg�clmeAme�

kcyD�
�:D�jy�l�kdV�DD���AeHcd���
� yVdxdc��Aj�Ag�ymPE�lppPAIl,Pd�jy�l�gDlPP�lDyHmj�yk�glDpPd��

dTjdmgAxd� glDpPd� pcd	jcdljDdmj� Ag� cdUHAcdw�� ymPE� lppPAIl,Pd� jy� gDlPP� lcdlg� lmw� xdcE� jADd	

IymgHDAme���LAdcżE&g-A�dj�lP
��������2lhlmpdEDl����lclmEl�������
��ymxdcgdPE��gvmdwvtkt�

A�t� �cmdl�sdAm�gcv�l�tt� tg��smdl�smv� �pEcyPEgAg�  ��Cu�� Ag� Hgdw� jy� cdpycj� plcjAIPd�

Dlggdg� pdc� pyPEDdc� jEpd� lmw� Ag� plcjAIHPlcPE� gHAjl,Pd� kyc� gDlPP� glDpPd� UHlmjAjAdg
� 5mPA-d�

gpdIjcygIypAI�Ddjhywg��pEcyPEgAg� ��Cu�lPPyVg�jhd�AwdmjAkAIljAym�yk�xdcE�gDlPP�pPlgjAI�plcjAIPdg�

��AeHcd� ���� ,Hj� jhd� Ddjhyw� Ag� PADAjdw� ,E� jhd� pcdIdwAme� glDpPd� kAPjcljAym� gjdp
� �g� l� cdgHPj��

wdjdIjAym�Am�,Pyyw�glDpPdg�HgAme�pEcyPEgAg� ��Cu�hlg�,ddm�PADAjdw�jy�plcjAIPdg�Plcedc�jhlm��
��

:D��1dgPAd�dj�lP
��������yc��
��:D���cAjg�dj�lP
���������wdpdmwAme�ym�jhd�kAPjdc�pycd�gALd�Hgdw�

wHcAme�AgyPljAym�yk�Ctg
�im�lwwAjAym��Ajg�dkkAIAdmIE�Ag�cdwHIdw�lj�hAeh�IymIdmjcljAymg�yk�ADpHcAjAdg��

Aj�Ag�wdgjcHIjAxd�jy�jhd�glDpPd�lmw�wcE�glDpPdg�lcd�cdUHAcdw
�vhAPd�Aj�Ilm�wdjdIj�jhd�IhdDAIlP�

IyDpygAjAym�lmw�IymIdmjcljAym�yk�pPlgjAI	jEpd�gH,gjlmIdg��Aj�cdDlAmg�AmIlpl,Pd�yk�UHlmjAkEAme�
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jhd�mHD,dc�yc�ghlpd�yk�plcjAIPdg��uhlcDl�dj�lP
��������FH�dj�lP
�������
��ymxdcgdPE��t��eekeA�

�w��smde�lk�mdt�dgv��u�C��ykkdcg�l�hAehdc�cdgyPHjAym�PADAj�yk�
�jy�
��mD���AeHcd�����,Hj�Ajg�

lppPAIljAym�Ag�PADAjdw�jy�jhd�UHlmjAkAIljAym�yk�jhd�Dygj�ADpycjlmj�dPdDdmjg�Am�pPlgjAIg��gy�jhlj�

lwwAjAymlP�IymkAcDljAym�yk�jhd�jEpdg�yk�pPlgjAI�Ag�cdUHAcdw
�3hAg�pcyIdgg�Ag�,yjh�jADd	IymgHDAme�

lmw�dTpdmgAxd��fhH�dj�lP
�������
��m�dkkAIAdmj��gADpPd��lmw�mym	wdgjcHIjAxd�wdjdIjAym�jdIhmAUHd�

jhlj� Ilm� wdjdcDAmd� jhd� DljdcAlP� jEpd� �pPlgjAI� yc� mym	pPlgjAI�� Ag�lk�md�  d mk�m� sm�et dml�

ke m�m���tg��smdt�dgv��:	�3ib��lmw�IyD,Amdg�ypjAIlP�ADleAme�VAjh�IhdDAIlP�AmkycDljAym�kcyD�

Amkclcdw�gpdIjcl
�3hAg�jdIhmAUHd�Ag�mym	wdgjcHIjAxd�lmw�Pdgg�dTpdmgAxd�jhlm�blDlm�yc�pEcyPEgAg�

 ��Cu��VAjh�wdjdIjAym� PADAj�wyVm� jy�
�:D���AeHcd���
��Hj� Aj�ghyVg�gjcyme� AmjdckdcdmId�VAjh�

Vljdc�lmw� Ag�myj� gHAjl,Pd� kyc� jhd�lmlPEgAg�yk�otg� ��LAdcżE&g-A� dj� lP
�� ������ 2lhlmpdEDl���

�lclmEl�� �����
���t�m��km��s� ke m�m���tg��smdt�dgv� �1�ib�� Ag� gADAPlc� jy�:	�3ib�lmw�Ilm�

wdjdcDAmd�plcjAIPd�mHD,dc��gALd�lmw�DycphyPyeE
�3hd�gpdIjcyDdjdc�Ilm�AwdmjAkE�jhd�pyPEDdc�

jEpd�lmw�wdjdIjg�gDlPP�Ctg�kcyD����jy������ńD���AeHcd����� hlmlwA�dj�lP
�������
�

nmd�yk�jhd�Dlzyc�IhlPPdmedg�Am�jhd�AwdmjAkAIljAym�yk�Ctg�Ag�jhd�pcdgdmId�yk�pyPEDdc�DATjHcdg
�

ij�Ag�wAkkAIHPj�jy�dgjl,PAgh�l�gjlmwlcwALdw�lmlPEgAg�pcyIdwHcd��wHd�jy�l�xlcAdjE�yk�kycDHPlg�lmw�

ycAeAmg�yk�pyPEDdcg��gAmId�DlmE�pPlgjAI�pcywHIjg�lcd�IyDpygdw�yk�,Pdmwg�yk�wAkkdcdmj�pyPEDdcg�

lmw�lwwAjAxdg��VhAIh�Ilm�IyDpPAIljd�jhdAc�IhdDAIlP�IhlclIjdcALljAym
�3clwAjAymlP�gpdIjcygIypAI�

Ddjhywg�PA-d��3ib�lmw�blDlm�lcd�ypjADALdw�kyc�AwdmjAkEAme�pHcd�pyPEDdcg��,Hj�Vhdm�pPlgjAIg�
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A B S T R A C T   

Microplastic particles have been detected in the human body. 
This study aimed to develop a blood digestion method that preserves microplastics during analysis. 
Acidic and alkaline reagents, commonly used for isolating plastic particles from organic materials, were tested 

on human blood samples and microplastics. Nitric acid, hydrochloric acid, potassium hydroxide, and sodium 
hydroxide were examined over time. Additionally, a pepsin-pancreatin combination was utilized for blood 
digestion. Light microscopy assessed digestion efficiency and particle count changes, while Raman micro-
spectroscopy distinguished between plastic and cell debris. 

The acidic reagents were ineffective in removing the organic material, while alkaline reagents were effective 
without significant effects on microplastics. Blood digestion using pepsin and pancreatin demonstrated efficient 
digestion without negative consequences for the particles. 

While potassium hydroxide digestion is already established, novel use of the pepsin-pancreatin combination 
was introduced to digest human blood, indicating its potential for isolating plastic particles from tissue and 
human food.   

1. Introduction 

Potential health risks due to the accumulation of microplastic par-
ticles in the human body have already been described and discussed in 
many different contexts (Campanale et al., 2020; Kutralam-Muniasamy 
et al., 2022). 

Environmental scientists have established numerous methods to 
isolate plastic from organic material (e.g. sewage sludge, sediment, 
water). They have mainly used acidic and alkaline methods, but some 
enzymatic methods were also adapted (Kühn et al., 2017; Li et al., 2020; 
Pfeiffer and Fischer, 2020). It should be noted, however, that in some 
cases completely different conditions prevail in the organic environ-
mental material than in the blood. Additionally, larger plastic particles 
play a role, while the focus of the blood examination is primarily on very 
small microplastic and nanoplastic particles (Al-Azzawi et al., 2020). 

There is certainly a need to find methods for the detection of micro- 
and nanoplastics in human samples. After all, microplastics have already 
been detected in human body fluids and tissues. The first enzymatic 

method to detect the presence of plastic particles in human blood was 
described by Leslie and colleagues (Leslie et al., 2022). Senathirajah and 
colleagues calculated that on average humans can absorb 0.1–5 g of 
microplastics per week (Senathirajah et al., 2021). In further studies 
microplastic has been found in human lung tissues (Amato-Lourenço 
et al., 2021), in human placental tissue (Ragusa et al., 2021) and even 
migrates through the gastrointestinal tract which provides evidence of 
microplastic detection in the stool (Schwabl et al., 2019). 

As many possibilities exist for dissolving the organic matrix as there 
are for the subsequent identification and quantification of the plastic 
particles (Ivleva, 2021). In the course of this study, an attempt was made 
to develop a simple, non-particle-destructive, time-saving, low-cost and 
easily accessible method of particle isolation from human blood. 
Moreover, a careful and cost-effective method of blood digestion using 
the enzymes pepsin and pancreatin was successfully described for the 
first time. 

In accordance with the results of Leslie and co-workers (Leslie et al., 
2022), and due to the fact that polystyrene (PS) particles have been 
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widely used in animal microplastic studies (Schwarzfischer et al., 2022; 
Shan et al., 2022; Vlacil et al., 2021), as well as the fact that this type of 
plastic particle is very easy, commercially and cheaply available, 5 µm 
polystyrene (PS) plastic particles were used for the research purposes of 
this study. 

2. Material and method 

2.1. Sample collection 

The whole blood used for this investigation was obtained from 
anonymized volunteers, who signed a patient information and informed 
consent in accordance with the regulations of the Ethics Committee in 
force in Austria. This study was approved by the Academic Integrity and 
Ethics Committee of the Danube Private University (DPU-EK/010). 

The samples were collected in 10 mL EDTA vacutainers (367525, BD 
Biosiences, Vienna, Austria) or in 6 mL glass heparinized vacutainers 
(268886, BD Biosiences, Vienna, Austria). Venipuncture was done by 
sterile Vacutainer-Safety-Lok 21 G (367282, BD Biosiences, Vienna, 
Austria). Immediately after sampling, the blood samples were stored in a 
–20 ◦C freezer until analysis. 

2.2. Microscopy 

A light microscope (Leica DM2500 LED, Leica Microsystems AG, 
Balgach, Switzerland) was used for visualization of alkaline and enzyme- 
dependent digestion and counting of plastic particles. Unless otherwise 
stated, the pictures were taken with 40-fold magnification. 

Raman spectra were obtained using a confocal Raman microscope 
(alpha 300RSA+, WITec Wissenschaftliche Instrumente und Tech-
nologie GmbH, Ulm, Germany) to investigate effects of alkaline and 
enzymatic reagents on plastic particles and determine their composi-
tions. For efficient imaging at spatial resolution in the low micrometer 
range, spectra were recorded with 100x magnification (Zeiss objective 
EC Epiplan-Neofluar Dic, N.A. 0.9). The 532 nm diode laser with a laser 
power adjusted to 10 mW was used for Raman excitation. A spectral 
resolution of approximately 1 cm-1 was achieved employing a 600 
groove/mm grating (Wieland et al., 2017). All measurements were 
performed under ambient conditions and at moderate laser power, to 
avoid heating effects. 

2.3. Digestion 

2.3.1. Acid digestion method 
For acid digestion, blood samples were treated with 1 M hydrochloric 

acid (HCl, 6792.1, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) or 1 
M nitric acid (HNO3, 9887.2, Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany). The used ratios of acid solution to sample were 6:1, 3:1, and 
1.5:1. First, each acid volume was transferred to an autoclaved 100 mL 
Erlenmeyer flasks (Duran®, Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany), the EDTA or heparinized blood samples were added. The 
flasks were incubated in a water bath at 45 ◦C for 24 h. Changes in 
human blood samples was checked using light microscopy at the 
respective time points: 0 h (immediately after preparing the mixture), 
0.25 h, 0.5 h, 1.5, 4 h and 24 h. 

2.3.2. Alkaline digestion method 
For alkaline digestion, blood samples were treated with 1.8 M (10 %) 

potassium hydroxide solution (KOH, P747.1, Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany) or 1 M sodium hydroxide solution (NaOH, 6785.1, 
Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The used ratio of 
alkaline reagent to sample was 4:1. First, KOH and NaOH solutions were 
transferred to an autoclaved 100 mL Erlenmeyer flasks, then EDTA 
blood samples were added. The flasks were incubated in a water bath at 
45 ◦C for 24 h. Digestion progress was checked using light microscopy at 
the respective time points: 0 h (immediately after preparing the 

mixture), 0.25 h, 0.5 h, 1.5, 4 h and 24 h. The effect of alkaline reagents 
on blood samples was investigated in minimal twenty pictures across 
two cover slips per sample and the amount of cell debris was determined 
using Fiji (ImageJ, version 2.1.0/1.53c, National Institutes of Health). 

2.3.3. Enzymatic digestion method 
Porcine pepsin (KK38.1, Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany) has a specific enzyme activity of ≥ 2000 FIP-U/g as provided 
by the manufacturer. For the stock solution, pepsin was dissolved in 10 
mM HCl to obtain a concentration of 1 mg/mL. 

Porcine pancreatin (A0585, AppliChem GmbH, Darmstadt, Ger-
many) has a specific enzyme activity of 36000 FIP-U/g as provided by 
the manufacturer. For the stock solution, pancreatin was dissolved in 
Dulbecco’s phosphate-buffered saline (DPBS, 14190-144, Thermo Fisher 
Scientific, Vienna, Austria) to obtain a concentration of 1 mg/mL. 

First step of enzymatic digestion protocol was the denaturation and 
pre-digestion of blood by HCl and pepsin. For optimal activity of pepsin, 
heparinized blood with added HCl solution (160 mM in end volume) 
were mixed in a 100 mL Erlenmeyer flasks and were pre-incubated in a 
water bath for 5 min at 37 ◦C before 1 mg pepsin per mL blood was 
added. 

After incubating the blood samples in the pepsin solution at 37 ◦C for 
4 h, the mixture was buffered to a pH between 7 and 7.4 by adding of 1 
M sodium hydrogen carbonate (NaHCO3, 8551.1, Carl Roth GmbH + Co. 
KG, Karlsruhe, Germany). After neutralization, 2 mg pancreatin per mL 
blood was added. Subsequently, 2 mg of pancreatin per mL blood was 
added four more times within 24 h. Enzymatic digestion was investi-
gated using light microscopy after 4 h incubation time of pepsin, 0.5 h 
(after first addition of pancreatin), 20 h (after third addition of 
pancreatin) and 24.5 h (30 min after the fifth and last addition). 

Furthermore, an investigation was made to see if it is possible to 
simplify the enzyme protocol by adding pancreatin only once, without 
making major losses in the digestion progress. Except for pancreatin, all 
quantities, concentrations and incubation times were maintained as 
previously described. After neutralization, 10 mg pancreatin per mL 
blood was added as single dose and incubated for 24.5 h. Enzymatic 
digestion was investigated using light microscopy, this time only after 4 
h incubation time of pepsin and 24.5 h incubation time of pancreatin. 

The effect of enzymes on blood samples were investigated in minimal 
twenty pictures across two cover slips per sample and the amount of cell 
debris was determined using Fiji (ImageJ, version 2.1.0/1.53c, National 
Institutes of Health). 

2.4. Effect of digestion protocols on plastic particles 

We have tested polystyrene (PS) particles to investigate their change 
of different digestion solutions. For this purpose, polystyrene polymer 
particles with a size of 5 µm were purchased from BS-Partikel GmbH 
(HS0500–20, Mainz, Germany). These utilized commercially available 
microplastic particles, were produced in a standardized manner and 
characterized by the manufacturer. The mean diameter of these 5 µm 
particles is 4.96 µm with a coefficient of variation of 1.6 %. They are 
made of poly(styrene-co-divinylbenzene), have a density of 1.05 g/cm3, 
and a refractive index of 1.59 at 25 ◦C. 

The effect of the different digestion reagents on polystyrene (PS) 
particles were tested. For this purpose, 40 µg/mL of 5 µm particles were 
added to alkaline or enzymatic digestion solution. 

For the alkaline controls, blood and blood with alkaline reagent were 
replaced by particle free H2O (A511.2, Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany). Respective time points for alkaline solution were 
shortened to: 0 h (immediately after preparing the mixture), 0.5 h, 1.5 h, 
4 h and 24 h for the 5 µm particles at 45 ◦C. Similarly, the particles were 
applied in enzymatic digestion, all at 37 ◦C. In this case the respective 
time points are 4 h after pepsin insertion and 0.5 h, 24.5 h, 48.5 h and 
72.5 h after the first addition of pancreatin. 

Effects of these reagents on the number of PS particles were checked 
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using conventional light microscopy (Leica DM2500 LED, Leica Micro-
systems AG, Balgach, Switzerland). The changes in the number of par-
ticles were investigated in minimal twenty pictures across two cover 
slips per sample and were analyzed using Fiji. Additionally, effects in the 
size as well as changes in the surface structure at 5 µm isolated particles 
from alkaline and enzymatic digestion solution were investigated using 
Raman microscopy (alpha 300RSA+, WITec Wissenschaftliche Instru-
mente und Technologie GmbH, Ulm, Germany). 

2.5. Statistical analysis 

All data are represented as means ± SD. A minimum of three inde-
pendent experiments were performed to establish each single data point. 
Statistical analyses were performed using the two-tailed unpaired t-test 
when testing between two time points and one-way analysis of variance 
with Dunnett’s multiple comparison test was performed for within- 
group comparisons (GraphPad Prism9, version 9.3.1). Statistical sig-
nificance was set at P < 0.05. 

3. Results 

3.1. Inefficient acid digestion 

Previous reports have identified oxidizing and reducing acids as 
possible digestive solutions for organic materials (e.g., mussels, fish, or 
marine sediment). Therefore, we tested 1 M HNO3 and 1 M HCl with 
regards to blood digestion efficiency in 100 mL Erlenmeyer flasks for 24 
h at 45 ◦C. Surprisingly, blood coagulation was induced by addition of 
HNO3 or HCL (Fig. 1A). Higher acid volumes, longer incubation time, 
EDTA and heparinized blood samples were tested, but no digestive ef-
fects were observed (Fig. 1B). 

3.2. Efficient alkaline digestion with alteration of particles 

In addition, alkaline digestion of blood samples was tested. There-
fore, blood samples were treated with a 1.8 M KOH (10 %) or a 1 M 
NaOH and amount of cell debris was analyzed using light microscopy.  
Fig. 2 shows that a considerable progress in digestion can already be 
seen after 24 h. Only small, isolated, undigested cell debris remains after 
24 h compared to the starting point of digestion (0 h). 

The graphic representation in Fig. 3 shows that digestion already 
progresses significantly in the first 15 min. Whereas the area of undi-
gested cell debris can be assumed to be 100 ± 28.9 % at the starting 
point (0 h), it already decreases to 24 ± 4.5 % after 15 min for KOH, 
respectively from 100 ± 41.4 % (0 h) to a reduction of 28 ± 7.0 % after 
15 min for NaOH. After 24 h, the area of undigested cell debris has 
decreased to only 12 ± 2.5 % and 12 ± 2.2 % for KOH and NaOH, 
respectively. 

Based on the fact that according to the literature (Al-Azzawi et al., 

2020) KOH alters particles in some cases, this was tested on polystyrene 
microplastic particles. For this purpose, the 5 µm PS plastic particles 
were counted in different solutions at the respective time points. Fig. 4A 
shows the percentage amount of plastic particles counted in 1.8 M KOH 
(10 %) solution with presence and absence of human blood and in a H2O 
control attempt, after 0, 0.5, 1.5, 4 and 24 h incubation time. 

Slight fluctuations in the number of particles at the different incu-
bation times can be seen. A statistically significant decrease in the 
number of particles after 24 h of incubation at 45 ◦C was not observed. 
Similar results were obtained with NaOH (Fig. 4B). No statistically sig-
nificant change in the number of polystyrene particles incubated in 
NaOH was observed in this case either. 

Analysis using confocal light microscopy shows that the surface 
structure of 5 µm PS particles is not altered by alkaline solutions 
(Fig. 5A). Slight irregularities around the surface are only visible in the 
PS particles that were incubated in blood and alkaline solution. To make 
sure these are indeed cell debris and not decreased and / or altered 
particles, Raman spectra were acquired and analyzed. Comparing the 
spectra of the unknown structures with spectra made from indeed PS 
particles, the significant spectral differences show that the unknown 
structures do not belong to PS particles (Fig. 5B). 

3.3. Efficient enzymatic digestion without damage of particles 

As a further method of blood digestion, pepsin (Pep) and pancreatin 
(Pan) were used. After incubation with pepsin, pancreatin was added 
stepwise and microscopic images were taken at specific time intervals. 
At 0.5 h Pan, microscopy was performed after single addition of 
pancreatin, at 20 h Pan, it was performed after triple addition of 
pancreatin and at 24.5 h Pan, microscopy was performed after the entire 
fivefold amount of pancreatin was added. 

Large areas of cell debris and blood cells are still visible after 4 h of 
pepsin addition (4 h Pep), but with increased pancreatin intake, diges-
tion progresses significantly, and blood is almost completely digested 
after 24.5 h (Fig. 6). 

This effect can also be observed in the statistical evaluation in  
Fig. 7A. To investigate whether a comparable improvement in digestion 
could also be achieved with a simplified protocol, which involved 
adding the entire amount of pancreatin once, the protocol was adapted 
and performed accordingly. Fig. 7 shows that both digestion protocols 
achieve similarly good results. In both graphs, when comparing the 
initial value of pepsin after 4 h with the final value of pepsin and 
pancreatin after 24.5 h, the area of cell debris decreases to less than 5 % 
(decrease in cell debris between the first and the last measurement is 
98.1 % in Fig. 7A and 95.8 % in Fig. 7B). 

In addition, an investigation was made to see whether these enzy-
matic digestion conditions alter PS particles. The difference in the 
numbers of 5 µm PS particles is minimal and significant difference is 
only noticeable after 24.5 h. However, after 72.5 h and at all other 

Fig. 1. Acid digestion of blood samples using 1 M HCl. (A) The image depicts coagulated and clotted blood at 0 h incubation time in HCl solution, as microscopic 
examination was not feasible. (B) Representative microscopic image shows high amount of digestive remains after 24 h incubation at 45 ◦C. 
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investigated time points, no significant differences were found (Fig. 8A). 
Furthermore, a confocal light microscopic examination could not detect 
remarkable changes in the surface texture of the 5 µm PS particles 
(Fig. 8B). The difference between a Raman spectrum of a 5 µm PS par-
ticle and an undefined organic debris can be seen in Fig. 8C. 

4. Discussion 

The aim of this study was to establish a simple and economical 
method by which blood could be digested successfully and at the same 
time the PS particles would not be damaged. For this purpose, five 
digestion reagents, some of which are frequently used (HNO3, HCl, KOH 
and NaOH), and a novel one (pepsin / pancreatin) was applied for 
nondestructive isolation of PS plastic particles. 

Various methods have already been compared in the literature that 
can be used for a harmonized and cost-effective analysis of microplastics 
(Primpke et al., 2020). According to them, the most cost-affordable 
technique for the rapid identification of PS plastic particles in blood, 
is the use of light microscopy. Another benefit of this technique is that 

most laboratories are equipped with an appropriate microscope. 
Raman microscopy is another method that has been used very 

frequently throughout the literature, especially in relation to the anal-
ysis of microplastics (Ivleva, 2021). Even though Raman microscopy has 
long measuring and working times, and can be expensive, it seems to be 
the most appropriate method to investigate microplastics <10 µm 
(Primpke et al., 2020). This is mainly due to the combination of the 
method with clear chemical particle identification and morphological 
characterization. 

For this reason, our study selected these two methods, using light 
microscopy as the primary method of investigation, and Raman micro-
scopy and spectroscopy as a chemical and morphological verification. 

One of the aspects another study compared was acid-based digestion 
and its influence on microplastics (Al-Azzawi et al., 2020). Good 
acid-induced digestion effects were achieved in the digestion of organic 
material such as fish and mussels. In the present study, independent on 
the incubation time and / or acid concentration blood was not digested 
by HNO3 and HCl. 

No digestive effect of acids on blood samples suggests that calcium 

Fig. 2. Alkaline digestion of blood samples using 1.8 M KOH or 1 M NaOH at an incubation temperature of 45 ◦C. Representative microscopic images show digestion 
progress between 0 h and 24 h of incubation at 45 ◦C. 

Fig. 3. Time-dependent alkaline digestion of blood samples using 1.8 M KOH or 1 M NaOH at an incubation temperature of 45 ◦C. Cell debris were detected by light 
microscopy and subsequent image analysis with a Fiji macro where only cell debris were selected with the help of the threshold tool and then their area was 
measured. Data are presented as mean ± SD. n(KOH+blood) = 3, n(NaOH+blood) = 3. Statistical significance was determined by using a one-way analysis of variance with 
Dunnett’s multiple comparison test for within-group comparisons. * *p < 0.01 and ***p < 0.001, within the group significantly different from 0 h. 
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ions in EDTA complex were displaced by protons, which induced blood 
coagulation. Another reason for coagulation of heparinized blood sam-
ples in presence of HNO3 or HCL could be acid-dependent suppression of 
antithrombin. 

It turned out that at high molarity of HNO3 (22.5 M) and high tem-
peratures, which include short boiling (30 min), there is a large loss of 
polystyrene microplastics (Gulizia et al., 2022). At lower molarities and 
lower incubation temperatures, no effects were found on the PS micro-
plastics (Gulizia et al., 2022). Another study describes the destructive 
effects of HNO3 and HCl on polyethylene (PE, low-density and 
high-density), polypropylene (PP) and polyethylene terephthalate (PET) 
(Karami et al., 2017) with recovery rates below 95 %, which should be 
considered when determining other polymers. 

Therefore, we chose not to pursue the optimization of ineffective 
blood disruption using HCl and HNO3 because a prior study demon-
strated the existence of plastic particles consisting of different types of 
plastic, such as PE, PP, and PET, in the bloodstream (Leslie et al., 2022). 
Additionally, since this investigation only employed polystyrene model 
particles, we would be unable to evaluate the destructive influence of 
these reagents. 

A very simple, effective and widely used method of digesting a wide 
variety of organic materials (water samples, mice organs, human 
placenta), is the method of digesting with KOH (Alfonso et al., 2021; 
Ragusa et al., 2021; Schwarzfischer et al., 2022). Ragusa and colleagues 
used this method to dissolve the human placenta and were able to 
extract microplastics between 5 and 10 µm in size (Ragusa et al., 2021). 
For the KOH digestion method, there are different results regarding its 
influence on plastic particles. KOH digestion is described as nonde-
structive for PS microplastics even under the most extreme conditions 
(90 ◦C and 48 h) (Gulizia et al., 2022), while Thiele and colleagues 
recommend a digestion temperature of 40 ◦C, which leads to a reason-
able recovery rate of microplastics (Thiele et al., 2019). The study by 

Alfonso and colleagues comes to similar conclusions. While PET shows 
size changes in KOH digestion at 60 ◦C and 72 h, no size changes could 
be detected in all tested polymers at 40 ◦C and 72 h incubation time 
(Alfonso et al., 2021). But for some reason there seems to be degradation 
of PS particles, even with very mild KOH treatment, especially in com-
bination of KOH and H2O2 (López-Rosales et al., 2021). 

To investigate the influence of solutions on microplastics in this 
study, polystyrene plastic (PS) particles were used, which are well and 
cheaply available and have also been successfully used in vivo and in vitro 
experiments (Al-Azzawi et al., 2020; Sarma et al., 2022; Shan et al., 
2022). 

No significant alterations in frequency or shape were observed for 
the 5 µm particles incubated in KOH in this study. Only slight fluctua-
tions in the frequency of the PS plastic particles are recognizable, which 
are due to the tendency of the PS particles to adhere to larger clusters. In 
H2O, however, the particles are isolated and do not form larger particle 
groups. Surface irregularities in particles incubated in blood and alkali 
can be attributed to the cell debris that adhere to the particles. 

Due to the fact that Cole and colleagues additionally tested the 
digestion efficiency of 1 M NaOH and achieved good results, NaOH 
digestion has also been tested in the present study (Cole et al., 2014). It 
shows that blood can already be dissolved well even at mild tempera-
tures (37 ◦C). 

Depending on the concentration, NaOH has been shown to have a 
degrading effect on polycarbonate (PC) and PET (Hurley et al., 2018) 
and to cause damage and discoloration in polyethylene (PE), Nylon and 
unplasticized polyvinylchloride (uPVC) (Cole et al., 2014). The insight 
that there are no degrading effects on PS plastic was also the conclusion 
of the present study, as no changes were observed in 5 µm PS particles 
incubated in NaOH. 

Overall, no changes caused by KOH and NaOH can be observed with 
5 µm PS particles. All the studies mentioned above, which did not report 

Fig. 4. Effect of (A) 1.8 M KOH and (B) 1 M NaOH on 5 µm polystyrene (PS) plastic particles. PS particles were incubated with 1.8 M KOH or 1 M NaOH in presence 
and absence of human blood and in H2O control at 45 ◦C for up to 24 h. PS particles were counted using the Fiji cell counter tool. Data represents mean ± SD. n = 6 
for H2O control and n = 3 for KOH and NaOH in presence and absence of human blood. Statistical significance was determined by using a one-way analysis of 
variance with Dunnett’s multiple comparison test for within-group comparisons to the results at 0 h which showed no statistical significance (n.s.). 
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any changes in PS particles, used larger microplastic particles 
(<200 µm). Due to the lower surface to volume ratio, the particles are 
potentially less susceptible to the digestive reagents. Further studies 
need to be undertaken in order to be able to make a reliable statement 
that KOH does not make any changes at 45 ◦C, even for smaller micro-
plastic or nanoplastic particles. 

Furthermore, another method for blood digestion was used that is 
characterized by its biological specificity and milder properties – enzy-
matic digestion. In a recent study, microplastics were detected in the 
blood for the first time by using proteinase K as an enzymatic digestion 

process (Leslie et al., 2022). Accordingly, we have optimized a more 
economic and simplified digestion protocol with pepsin and pancreatin 
enzymes capable of dissolving and digesting blood without causing 
damage to microplastics. 

The proteinase K digestion method requires more working steps and 
can be more expensive due to the additional cost of the enzyme, but the 
pepsin and pancreatin method is similar in terms of the effort required, 
although with slightly fewer steps. The digestion period for pepsin and 
pancreatin is a little longer, but it is a more cost-effective option. Even if 
the matrix is not completely dissolved, the spectroscopic analysis is not 

Fig. 5. Raman microspectroscopic investigation of 5 µm PS particles after 24 h incubation in H2O, KOH and NaOH at 45 ◦C. (A) Particles were visualized using 
confocal light microscopy. (B #1) representative Raman spectrum of a 5 µm PS particle; (B #2) representative Raman spectrum of an organic remnant. 
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restricted and the plastic particles can still be analyzed well. 
The enzymatic digestion protocol was adapted in a very simplified 

way to physiological digestion conditions. The physiological concen-
tration of pepsin is at its optimum at a pH between 1.5 and 2.0 (Bardhan 
et al., 2012), which is why the pH was adjusted using HCl. The pepsin 
concentration in gastric juice is typically between 0.5 and 1 mg/mL, 
therefore a maximum pepsin concentration of 1 mg per mL blood was 
used in this study (Zhu et al., 2006). The optimal digestion efficiency of 
pancreatin was investigated at different pH and concentrations. The best 
digestion results were found to be at pH between 7 and 7.4 and a con-
centration of 10 mg per mL blood. 

If the analytical methods for plastic particles are optimized, the 
isolation of these particles should be expedited, thus eliminating the 
need for a 24-hour handling period of samples in analytical laboratories. 

The use of higher enzyme concentrations can significantly accelerate the 
digestion of blood samples without incurring excessive analysis costs. 
The concentrations chosen in this study were deliberately low, with the 
pepsin concentration based on average physiological levels of the 
enzyme found in the stomach (Zhu et al., 2006). It is envisaged that we 
will attempt to further enhance the pepsin/pancreatin digestion process, 
making it faster and more efficient. This is because this enzymatic 
combination holds substantial potential for digesting a wide variety of 
samples, particularly when considering the gastrointestinal digestion in 
mixed nutrition. 

After the digestion protocol was optimally adapted and good results 
of the digestion were achieved, it was further investigated whether the 
enzymes caused changes in PS particles. Both the particle counting and 
the Raman microscopic investigation of the particles showed that no 

Fig. 6. Enzymatic digestion of blood samples using pepsine (Pep) and pancreatine (Pan). Representative microscopic images show digestion progress between 4 h 
incubation with only pepsine and 24.5 h incubation with pancreatin, at 37 ◦C. 

Fig. 7. Enzymatic digestion of blood samples using pepsine (Pep) and pancreatine (Pan). (A) Digestive progress with gradual addition of pancreatin (n = 8). (B) 
Digestive progress with one complete addition of pancreatin (n = 3). Cell debris were detected by light microscopy and subsequent image analysis with a Fiji macro 
where only cell debris were selected with the help of the threshold tool and then their area was measured. Data points represent experimental repetition and crossbar 
represents median. Statistical significance was determined by using a one-way analysis of variance with Dunnett’s multiple comparison test for within-group 
comparisons (A) and a two-tailed unpaired t-test (B). **p < 0.01 and ***p < 0.001, significantly different from 4 h Pep. 
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significant numerical differences and surface changes were detectable 
with the 5 µm PS particles. 

In summary, no effects of the alkaline and enzymatic digestion so-
lutions used on 5 µm polystyrene microspheres have been detected after 
a thorough investigation. However, potential effects on other types of 
plastic cannot be completely ruled out. Regardless, the study chose this 
polystyrene model particle as it is commercially available and 
commonly used in microplastics research (Lee et al., 2022; Tsou et al., 
2023). Moreover, these model particles correspond to the size of 
microplastics that may circulate in the bloodstream, and polystyrene is 
one of the most prevalent plastics found in the bloodstream (Leslie et al., 

2022). An additional advantage of 5 µm PS model particles is that their 
size is detectable using selected analytical methods without reaching 
their limit of detection. 

In the future, the analysis of microplastic particles will involve par-
ticles of various shapes and sizes and will encompass both individual 
plastic types and plastic mixtures within alkaline solutions. Enzymatic 
digestion with pepsin/pancreatin will also be used for analysis purposes. 
It is recommended to test the recovery of model particles of different 
plastic types when utilizing alkaline digestion with KOH and NaOH 
solutions. Assuming the conditions are appropriate, the integrity of 
microplastics can be assumed when utilizing enzymatic digestion with 

Fig. 8. Effect of enzymatic blood digestion using pepsin and pancreatin on 5 µm PS particles, incubated at 37 ◦C for 72.5 h. (A) Effect of digestive enzymes pepsin 
and pancreatin on total number of 5 µm PS particles. Data represents mean ± SD. n = 5. Statistical significance was determined by using a one-way analysis of 
variance with Dunnett’s multiple comparison test for within-group comparisons. n.s.: not significant, *: p < 0.05: significantly different from 4 h Pep. (B) Particles 
visualized using a confocal light microscopy. Left: Accumulation of 5 µm particles; Right: #2 marks abnormality of which Raman spectra have confirmed that these 
are not altered PS particles. (C #1) representative Raman spectrum of a 5 µm PS particle; (C #2) representative Raman spectrum of an organic remnant. 
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pepsin/pancreatin. 
Attempting to mimic the mixture of various plastic types as actually 

found in a sample, whether through grinding or laser ablation, is likely 
to be quite challenging. As long as such plastic particle mixtures are not 
standardized and commercially available, making comparisons of 
induced effects in different studies will remain unfeasible. 

5. Conclusion 

The initial intention of this study was to test through blood sample 
digestion methods and adapt and validate the most suitable method for 
microplastic detection. Therefore, different acidic, alkaline and enzy-
matic reagents were used. This led to the conclusion that, regardless of 
concentration and incubation time, acids did not sufficiently digest 
blood samples. Alkaline reagents showed good results regarding diges-
tion without any changes of added 5 µm particles. However, in the case 
of alkaline solution such as KOH, further investigations should be car-
ried out with smaller plastic particles and different plastic types. Addi-
tionally, another method was applied, using the enzymes pepsin and 
pancreatin as digestive agents. This study recommends both, the KOH 
and the enzymatic digestion with pepsin and pancreatin to be a harmless 
method for isolation and analysis of microplastic particles. Although 
more aggressive digestion methods appear to be applicable with larger 
microplastic particles. 

Further work is required to trial the technique on field-collected 
blood samples and finally develop means for better visualization of 
microplastics or even nanoplastics that have entered the human 
bloodstream. 
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Abstract: Microplastic particles are ubiquitous in our environment, having entered the air, the water,

the soil, and ultimately our food chain. Owing to their small size, these particles can potentially enter

the bloodstream and accumulate in the organs. To detect microplastics using existing methods, they

must first be isolated. The aim of this study was to develop a non-destructive method for efficiently

and affordably isolating plastic particles. We investigated the digestion of kidney, lung, liver, and

brain samples from pigs. Kidney samples were analyzed using light microscopy after incubation

with proteinase K, pepsin/pancreatin, and 10% potassium hydroxide (KOH) solution. Various

KOH:tissue ratios were employed for the digestion of lung, liver, and brain samples. Additionally, we

examined the effect of 10% KOH solution on added polystyrene microplastics using scanning electron

microscopy. Our findings revealed that a 10% KOH solution is the most suitable for dissolving diverse

organ samples, while enzymatic methods require further refinement. Moreover, we demonstrated

that commonly used 1 µm polystyrene particles remain unaffected by 10% KOH solution even after

76 h of incubation. Digestion by KOH offers a simple and cost-effective approach for processing

organ samples and holds potential for isolating plastic particles from meat products.

Keywords: microplastics; 1 µm polystyrene particles; organ samples; enzymatic and alkaline digestion;

method development

1. Introduction

Microplastic pollution is increasingly on the rise and an expanding shift from macro- to
microparticles can be expected [1]. Two different sources for the formation of microplastics
have been described. Primary microplastics are small plastic particles that are intentionally
manufactured to be used in various products such as cosmetics (e.g., microbeads), cleaning
products, and industrial abrasives (e.g., pellets and flakes) [2]. Secondary sources include
the breakdown and fragmentation of larger plastic debris and the release of microplastics as
a result of chemical, physical, and biological degradation processes [3]. Microplastics have
been detected in various settings, including the air, oceans, soils, and, accordingly, food
items [4–6]. Regardless of the source, the ingestion of microplastics can result in adverse
effects on human health, triggering a series of biological responses [7].

Regarding the size definition for microplastics, an upper size limit of microplastic
particles has been set at 5 mm [8], with 1 µm representing the lower limit [9], and particles
of up to 0.1 µm are referred to as submicroplastics [10].

A recent review has emphasized that the prevalence of microplastics in the environ-
ment, in drinking water, and especially in human food presents a growing concern [11].
Therefore, developing a simple and efficient method for detecting microplastics in human
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fluids, human tissue, and various food items, such as meat products, is of the utmost im-
portance. There are already numerous methods for analyzing larger microplastic particles
in environmental samples. Microscopy is a commonly used method that allows the visual
identification and quantification of microplastics [12].

In order to be able to identify plastic particles using existing spectrometric techniques
such as infrared and micro-Raman spectroscopy, as well as mass-based techniques like
Pyrolysis-GC-MS, it is necessary to isolate the particles from the biological matrix [10].
Environmental scientists have developed a variety of techniques for separating plastic
from organic material, such as sewage sludge, sediment, and water. The most commonly
used methods involve acidic and alkaline treatments, although some researchers have
also explored enzymatic approaches [13–15]. Different experimental setups with similar
chemical or enzymatic digestion mixtures have been used for human or animal blood or
tissue. Leslie et al. used enzymatic digestion with proteinase K to detect microplastics in
the blood for the first time [16].

Nano- and microplastic particles can accumulate in the organs or be cleared into
interstitial space due to the cross-linking of vessels, resulting in a reduction in vessel
lumina. This has been confirmed with the detection of plastic particles in various human
organs. Recent studies have demonstrated the presence of microplastics in the lungs [17]
as well as in the placenta [18]. Similarly to what has already been observed in humans,
the accumulation of microplastics in the organs of farm animals, such as pigs, cattle, and
poultry, is also possible [19]. In experimental settings, the accumulation of plastic has also
been detected in various tissues of mice, such as the kidney, lung, liver, and brain. Plastic
accumulation and toxicological effects were detected in these animal experiments after
application to tissues [20,21]. However, the application amount was partially higher than
the physiological concentration that has already been detected in human tissues.

The objective of this study was to adapt and optimize a rapid and efficient protocol
for digesting various organ samples without destroying microplastic particles. For this
purpose, enzymatic (proteinase K, pepsin, and pancreatin) protocols were compared to
an alkaline (10% potassium hydroxide, KOH) digestion treatment on different porcine
tissues. These tissues were chosen because they are highly similar to human tissues, and
the internal organs of the pig, like the liver, are frequently consumed or used as ingredients
in meat specialties.

The uniqueness of proteinase K lies in its ability to degrade a wide range of proteins,
including those with stable or hard-to-reach structures. For this reason, proteinase K is
employed in numerous molecular biological and histological procedures and has also
been used for isolating microplastics from human blood [16]. The objective here was to
investigate whether the proteinase K protocol is suitable for the complete digestion of
various porcine organs.

In biomedical research, various protocols have been developed for in vitro digestion
utilizing the digestive enzymes pepsin and pancreatin. Examples include the digestion
of microalgae, bovine, and porcine muscle tissue [22–24]. The aim of this study was to
employ a straightforward in vitro digestion protocol with pepsin and pancreatin to achieve
the complete digestion of porcine organs.

For the isolation of plastic particles from environmental, animal, and human samples,
acids and alkalis have frequently been employed, providing a simple and cost-effective
method. A 10% KOH (1.8 M) solution, for instance, has been utilized for the dissolution of
human placentas [18]. Some studies have indicated that a 10% KOH solution will reduce
the recovery of certain plastics, such as polycarbonate, polyvinyl chloride, and polyethylene
terephthalate, while others have ruled out degrading effects at milder temperatures [25–28].
Following extensive literature research that took into account observed effects on various
types of plastics, as well as the conduction of numerous preliminary experiments, the
alkaline dissolution of kidney, liver, lung, and brain samples in a 10% KOH solution at
37 �C was planned for investigation.
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Additionally, the effects of KOH on 5 µm and especially 1 µm polystyrene (PS) micro-
spheres were examined under specific experimental conditions. These model particles were
roughly the size of microplastic particles that can circulate in the bloodstream. Polystyrene
particles have been recognized as one of the most encountered plastics in human blood [16],
are commonly utilized in research studies [20,21], and, due to their extensive surface area,
offer a substantial site of interaction for reagents, including the KOH solution in this case.
Viewed critically, this does not permit the exclusion of the effects of KOH on various types
of plastic particles; it exclusively addresses alterations in PS microspheres. Moreover, the
impact of KOH on PS particles actually present in organs could yield different outcomes
depending on their properties.

2. Materials and Methods

2.1. Sample Collection

Human blood samples were acquired from four anonymized healthy donors, compris-
ing one female and three males aged between 22 and 26 years. The samples were collected
using 10 mL EDTA Vacutainers (367525, BD Biosciences, Vienna, Austria). Venipuncture
was performed with a sterile Vacutainer-Safety-Lok 21G (367282, BD Biosiences). Immedi-
ately after sampling, the blood samples were stored in a �20 �C freezer until analysis.

Porcine tissue, including kidney, liver, lung, and brain tissue, was obtained from a
local butcher. Upon arrival, the porcine tissue was carefully washed and then cut into
smaller portions under sterile conditions to prevent contamination. Each tissue portion
was then stored at �20 �C until further use.

2.2. Polystyrene (PS) Polymer Microspheres

The used polystyrene (PS) polymer microspheres with sizes of 1 µm and 5 µm had
no surface modifications (BS-Partikel GmbH, Mainz, Germany; HS0100-20 and HS0500-20,
respectively). These microspheres were produced by the manufacturer using standardized
methods and underwent characterization. For the 1 µm microspheres, the manufacturer
specified a mean diameter of 0.988 µm with a relative standard deviation (CV) of 2.2%,
while the 5 µm microspheres had a mean diameter of 4.96 µm with a CV of 1.6%. The
microspheres were composed of poly(styrene-co-divinylbenzene), possessed a density of
1.05 g/cm3, and exhibited a refractive index of 1.59 at 25 �C.

2.3. Microscopy

A light microscope (Leica DM2500 LED, Leica Microsystems AG, Balgach, Switzer-
land) was used for the visualization of alkaline and enzyme-dependent digestion and the
counting of polystyrene (PS) plastic particles. Unless otherwise stated, pictures were taken
with fortyfold magnification.

Scanning electron microscopy (SEM) was performed at the Central Research Lab-
oratories of the Natural History Museum of Vienna (NHMW). The samples were first
coated with platinum (Leica EM CSD 500, Leica Microsystems AG, Balgach, Switzerland)
and subsequently visualized with a JEOL JSM-6610 (JEOL AG, Freising, Germany) at an
accelerating voltage of 20 kV and a spot size of 40.

2.4. Digestion

2.4.1. Enzymatic Digestion Method Using Proteinase K

For enzymatic digestion using proteinase K, the digestion protocol for blood described
by Leslie et al. was adopted [16]. The frozen tissue (kidney, lung, liver, brain) was mechani-
cally processed using a mortar until a homogeneous pulpy consistency was achieved. The
amount of tissue was adjusted to the hematocrit value. Accordingly, 0.45 g of homogenized
tissue, which approximately corresponded to the cellular component of 1 g of blood, was
used. Additionally, a control setup was performed with 1 g of blood.

Then, 15 mL of Tris-HCl buffer (400 mM Tris-HCL; J22638.K2; Thermo Fisher Scientific,
Vienna, Austria; pH 8; 0.5% SDS ultrapure; 2326.1; Carl Roth GmbH + Co. KG, Karlsruhe,
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Germany) was added per 1 g of blood or 0.45 g of homogenized tissue and incubated in
a water bath at 60 �C for 1 h to denature the proteins. For further digestion, 100 µL of
proteinase K (1 mg/mL; �3.0 unit/mg solid; P8044; Sigma-Aldrich Handels Gmbh, Vienna,
Austria) was inserted together with 1 mL of 5 mM calcium chlorite (CaCl2; HN04.2; Carl
Roth) and incubated for another 2 h at 50 �C. The flask containing these elements was then
shaken for 20 min at room temperature and finally heated in a water bath to 60 �C for
another 20 min.

The effects of proteinase K on blood and tissue samples were investigated using
light microscopy (Leica DM2500 LED, Leica Microsystems AG, Balgach, Switzerland) in a
minimum of ten pictures, and the amount of cell debris was determined using Fiji (ImageJ,
version 2.1.0/1.53c; National Institutes of Health). In order to compare the results of the
blood digestion with proteinase K with the conditions of an initial time point, the blood
was diluted with PBS according to the work volume in the proteinase K digestion protocol.

2.4.2. Enzymatic Digestion Method Using Pepsin and Pancreatin

The porcine pepsin (KK38.1; Carl Roth GmbH + Co. KG, Karlsruhe, Germany) had a
specific enzyme activity of �2000 FIP-U/g as provided by the manufacturer. For the stock
solution, the pepsin was dissolved in 10 mM HCl to obtain a concentration of 2 mg/mL.

The porcine pancreatin (A0585; AppliChem GmbH, Darmstadt, Germany) had a
specific enzyme activity of 36,000 FIP-U/g as provided by the manufacturer. For the stock
solution, the pancreatin was dissolved in Dulbecco’s phosphate-buffered saline (DPBS;
14190-144; Thermo Fisher Scientific) to obtain a concentration of 2 mg/mL.

The porcine kidney, lung, liver, and brain tissue was mechanically processed using
a mortar until a homogeneous pulpy consistency was achieved. An amount of 0.45 g of
homogenized tissue was used for each experiment.

The first step of the enzymatic digestion protocol was the denaturation and pre-
digestion of the homogenized tissue by hydrochloric acid (HCl) and pepsin. For the
optimal activity of the pepsin, homogenized tissue with an added HCl solution (160 mM in
end volume) was mixed in 100 mL Erlenmayer flasks and pre-incubated in a water bath
for 5 min at 37 �C before 2 mg of pepsin was added. The mixture was incubated for 4 h at
37 �C in a water bath with shaking.

Subsequently, the mixture was buffered to a pH between 7 and 7.4 by adding 1 M
sodium hydrogen carbonate (NaHCO3; 8551.1; Carl Roth GmbH). After neutralization,
20 mg of pancreatin was added as a single dose and incubated for 24.5 h.

Enzymatic digestion was investigated using light microscopy (Leica DM2500 LED)
after a 4 h incubation time for pepsin and a 24.5 h incubation time for pancreatin, with a
minimum of twenty pictures across two cover slips per sample. The amount of cell debris
was determined using Fiji (ImageJ, version 2.1.0/1.53c; National Institutes of Health).

2.4.3. Alkaline Digestion Method

For alkaline digestion, porcine organs (kidney, lung, liver, brain) were treated with
10% (1.8 M) potassium hydroxide solution (KOH; P747.1; Carl Roth). The ratios of sample
to alkaline reagent used were 1:4 (w/v) for the first experimental approach and 1:8 (w/v)
for a further tissue digestion trial. First, KOH solutions were transferred to autoclaved
100 mL Erlenmeyer flasks; then, small-cut pieces of different tissues were added. The flasks
were incubated in a water bath at 37 �C for 76 h. The digestion progress was checked using
light microscopy at the time points of 0 h (immediately after preparing the mixture), 6 h,
24 h, and 76 h for the 1:4 (w/v) ratio. An evaluation of the digestive process was conducted
solely after durations of 6 h and 76 h for the 1:8 (w/v) ratio.

The effects of alkaline reagents on various porcine tissues were investigated using
light microscopy (Leica DM2500 LED) in a minimum of twenty pictures across two cover
slips per sample, and the amount of cell debris was determined using Fiji (ImageJ, version
2.1.0/1.53c; National Institutes of Health).



Toxics 2023, 11, 790 5 of 16

2.5. Effects of Digestion Protocols on Plastic Particles

In addition, the effect of 10% KOH digestion solution on 1 µm and 5 µm polystyrene
(PS) particles was examined.

For this purpose, 1 µm and 5 µm PS particles were added to alkaline digestion solution.
To prevent the particles from being obscured by digestive residues or aggregating to them,
the tissue samples were replaced with H2O and 1 µm particles were investigated at a
1:4 ratio, while 5 µm particles were investigated at a 1:8 ratio with KOH. Only particle-free
water was used for the alkaline control. The solutions were then incubated for 76 h at 37 �C.
Light microscopy was used to directly examine the particles in the incubation solution at
different time points between 0 h (immediately after preparing the mixture) and 76 h.

In addition, effects on the size as well as changes in the surface structure of the 1 µm
isolated particles from the alkaline digestion solution and the alkaline control group were
investigated with SEM (JEOL JSM-6610). For this purpose, the samples were subsequently
filtered using 0.45 µm track-etched polycarbonate membrane filters (A046.1; Carl Roth).
The filters were washed three times with 15 mL of particle-free H2O, dried, and then affixed
to the corresponding SEM carbon tape.

2.6. Statistical Analysis

All data are represented as means ± SD. Statistical analyses were performed using a
two-tailed unpaired t-test when testing between two time points, and one-way analysis
of variance with Dunnett’s multiple comparison test was performed for within-group
comparisons (GraphPad Prism9, version 9.3.1). Statistical significance was set at p < 0.05.

3. Results

3.1. Kidney, Lung, Liver, and Brain Tissue Digestion Using Proteinase K

The enzymatic digestion method with proteinase K was applied to homogenized
kidney, lung, liver, and brain tissue according to the protocol of Leslie et al. [16]. Almost
no digestive progress could be observed when 1 g of kidney tissue was used. In reducing
the amount of tissue to approximately the hematocrit value of the blood, slight digestive
progress could be seen. Figure 1A shows that fewer kidney tissue residues were visible
after complete proteinase K digestion compared to protein denaturation before proteinase
K. However, even with these adjustments, sufficient digestion was not yet to be observed.
Similarly, the lung, liver, and brain samples exhibited only minimal digestion upon treat-
ment with proteinase K (Figure S1). Blood digestion with proteinase K gives very good
and highly significant results, as can be seen in the experiment of Leslie et al. [16] and in
our experiment (Figure 1B). Compared with an adequately diluted blood sample in PBS,
only some, almost invisible, cellular debris remained after the digestion with proteinase K
(Figure 1B).

Figure 1. Cont.
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z

Figure 1. Enzymatic digestion of porcine kidney samples (A) and blood (B) using proteinase K

(Prot. K). (A) These images depict homogenized kidney tissue in the digestion solution before and

after incubation in proteinase K, as microscopic examination was not feasible. (B) These representative

microscopic images show a blood sample diluted in PBS and after digestion with Proteinase K.

3.2. Kidney, Lung, Liver, and Brain Tissue Digestion Using Pepsin and Pancreatin

As a further manner of tissue digestion, an enzymatic method utilizing pepsin and
pancreatin was employed. After incubation with pepsin, the full amount of pancreatin
was added, and microscopic images were taken at specific time intervals. There was one
microscopic time point 4 h after the addition of the pepsin, and a second microscopic time
point was performed 24.5 h after the complete addition of the pancreatin.

After 4 h of incubation of homogenized kidney tissue with pepsin, large areas of cell
debris remained visible (Figure 2A). However, after pancreatin incubation, the kidney
tissue exhibited the presence of conspicuous large cell debris, which remained observable
under microscopic examination (Figure 2A).

Only minimal differences were observed between the effects of pepsin and pancreatin
on kidney digestion (Figure 2B). This observation contrasts with Figure 2A, in which
the undigested area appears to have decreased markedly after 24.5 h of incubation with
pancreatin. The reason for this apparent inconsistency is that in Figure 2B, the value of
cell debris for incubation in pancreatin has been corrected by a factor of 5.7 to account for
the greater volume during pancreatin digestion compared with that after 4 h of pepsin
incubation. Similarly, it was not possible to digest lung, liver, or brain tissues using pepsin
or pancreatin (Figure S2).

ff ff

ffi

Figure 2. Cont.
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Figure 2. Enzymatic digestion of kidney tissue using pepsin and pancreatin. The kidney homogenates

were incubated for 4 h in a 2 mg/mL pepsin solution, followed by an additional 24.5 h in a 2 mg/mL

pancreatin solution at 37 �C. (A) These representative microscopic images show the progress of

digestion after incubation in pepsin and after subsequent incubation in pancreatin. (B) Cell debris

was detected with light microscopy, and subsequent image analysis used a Fiji macro. Data points

represent experimental repetition, and the crossbar represents the mean. n = 4. Statistical significance

was determined using a two-tailed unpaired t-test. n.s.: not significant.

3.3. Kidney, Lung, Liver, and Brain Tissue Digestion Using KOH

In addition, an alkaline method using potassium hydroxide (KOH) was tested to
verify the reliable and sufficient digestion of kidney tissue. Therefore, small kidney tissue
pieces were first treated with a 10% KOH solution in a 1:4 (w/v) ratio, and the amount of
cell debris was analyzed using light microscopy. Figure 3 shows that a highly significant
progress in digestion could already be seen after 6 h. After 76 h, the area of undigested cell
debris had already decreased to 11.3 ± 4.6% compared to the kidney tissue section, which
can be assumed to have been at 100 ± 9.1%.

Due to the fact that the digestion provided good results for the kidney tissue, further
tissues, such as the lung, liver, and brain, were also tested at a 1:4 (w/v) tissue-to-KOH ratio.

Both the lung tissue and the liver tissue showed similarly good results compared
to the kidney tissue, with undigested cell remains areas of 14.2 ± 1.4% and 13.2 ± 2.1%,
respectively (Figure 3). However, in the case of the lung tissue, after 6 h, there were still
small tissue fragments visible in the solution, which is why the microscopic analysis was not
considered meaningful at that point. The brain tissue provided the worst digestion results.
Even after 76 h of incubation in 10% KOH solution, the sample showed 62.2 ± 16.2% of
undigested residues, which indicated no significant differences compared to the brain
tissue section (100 ± 27.9%).
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Figure 3. Time-dependent alkaline digestion of tissue samples using 10% KOH at a ratio of 1:4 (w/v)

and an incubation temperature of 37 �C. This graphic illustration shows kidney, lung, liver, and brain

tissue digestion. Cell debris was detected with light microscopy, and subsequent image analysis

was performed with a Fiji macro. Data points represent experimental repetition, and the crossbar

represents the mean. n = 4. Statistical significance was determined using a one-way analysis of

variance with Dunnett’s multiple comparison test for within-group comparisons (20 µm thickened

cryostat versus 6 h, 24 h and 76 h effect of 10% KOH solution on tissue samples). n.s.: not significant;

***: p < 0.001.

3.4. Effect of 10% KOH Solution on Polystyrene (PS) Microspheres

The effect of the KOH solution on 1 µm polystyrene particles (PS) was tested. For this
experiment, the 1 µm PS particles were incubated in 10% KOH solution and in H2O as
control attempt for 0 h, 24 h, and 76 h at 37 �C. However, at 37 �C, the used 1 µm particles
in the KOH did not show any significant differences (Figure 4).

In addition, PS particles were incubated in 10% KOH, and their alteration was in-
vestigated with scanning electron microscopy (SEM). In order to obtain an overview of
the appearance and behavior of the particles that adhered to the carbon tape, 1 µm PS
plastic particles incubated in H2O for 76 h at 37 �C were examined at ten-thousandfold
magnification. It seemed that the particles did not all have the same size, due to the fact
that they were located in different plains. Figure 5 shows SEM views of the 1 µm PS
microplastic particles, in which ten different particles (yellow numbers 1–10) were selected
and measured. The particle size range was 0.94 ± 0.07 µm and the particles were spherical
with smooth surfaces (Figure 5). It was found that both larger particles and smaller particles
were captured in the image (Figure 5). The main focus was probably on the particle with
localization number 3 (Figure 5).
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Figure 4. Effect of KOH solution on 1 µm polystyrene (PS) plastic particles. PS particles were

incubated with 10% KOH solution in the absence of human blood and in an H2O control at 37 �C for

up to 76 h. They were counted using the Fiji cell counter tool. Data represent means ± SD. n = 3 per

treatment. n.s.: not significant; within the KOH group in comparison with 0 h.

ff

ff
ff

p

Figure 5. Overview image from scanning electron microscopy (SEM) showing 1 µm PS particles

incubated in H2O at 37 �C for 76 h. Particles were captured at ten-thousandfold magnification.

To investigate potential surface or size alterations in 1 µm PS particles after 76 h
incubation in 10% KOH at 37 �C, SEM was conducted. The images of the KOH-treated
particles were compared with images of those that underwent incubation in H2O. Sev-
eral images of both experimental setups, each with a sample size of 4 (n = 4), were cap-
tured. Figure 6 displays a representative subset of these images, taken at magnifications of
twenty-thousandfold and thirty-five-thousandfold. There were no differences between the
H2O and the KOH solution (Figure 6). The size distributions of the particles were similar
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in both solutions, and the surfaces of the particles did not indicate any alterations in either
case (Figure 6).

ff

u

tt

tt

Figure 6. Scanning electron microscopy (SEM) of 1 µm particles after 76 h of incubation at 37 �C in

H2O (top) and in 10% KOH solution (bottom) and representative images of 1 µm PS particles with

twenty-thousandfold (left) and thirty-five-thousandfold (right) magnification.

In order to check whether an increase in KOH would yield better digestion progress,
the tissue-to-KOH ratio was increased to 1:8 (w/v) according to a digestion protocol set by
Ragusa et al. [18].

As depicted in Figure 7, the 1:8 (w/v) tissue-to-KOH ratio appeared to improve the
digestive progress in all four tissues when compared with the 1:4 (w/v) ratio. However,
when the dilution factor was included in the calculation, no improvement in the progress
of digestion could be seen in any of the tissues (Figure 8). Figure 8 further shows that the
significances remained the same as in Figure 3 with the tissue-to-KOH ratio of 1:4 (w/v).
Even for the brain tissue, no improvement in digestion could be seen (Figures 3 and 8).

To investigate potential alterations in 5 µm PS particles under varying concentrations
of KOH, the particles were subjected to incubation in water instead of tissue, along with a
10% KOH solution, at a ratio of 1:8 (w/v). No changes in the number of particles could be
detected between the observation times of 0 h (examination directly after the addition of
particles) and 76 h (Figure 9). Furthermore, the figure shows that there were no changes in
the surfaces or shapes of the particles.
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Figure 7. Alkaline digestion of four different tissue samples using 10% KOH solution at an incubation

temperature of 37 �C. These representative microscopic images show the comparison between tissue

sections (20 µm) of the kidney, lung, liver, and brain and digestion using tissue-to-KOH ratios of 1:4

(w/v) and 1:8 (w/v), respectively, after 76 h.
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tt

Figure 8. Time-dependent alkaline digestion of tissue samples using 10% KOH solution at a ratio of

1:8 (w/v) and an incubation temperature of 37 �C. This graphic illustration shows kidney, lung, liver,

and brain tissue digestion. The results for the 1:8 dilution ratio were adjusted to the 1:4 dilution ratio

used in the previous experiment. Cell debris was detected with light microscopy and subsequent

image analysis was performed with a Fiji macro. Data points represent experimental repetition and

the crossbar represents the mean. n = 4. Statistical significance was determined using a one-way

analysis of variance with Dunnett’s multiple comparison test for within-group comparisons (20 µm

thickened cryostat versus 6 h and 76 h incubation). n.s.: not significant; ***: p < 0.001.

tt

K
Figure 9. Light microscopic images of the 5 µm particles incubated in water instead of kidney

tissue along with 10% KOH at a ratio of 1:8 (w/v). These representative images were taken after an

incubation period of 0 h to 76 h.

4. Discussion

The aim of this study was to identify a suitable method for effectively digesting various
animal tissues to enable subsequent microplastic determination and analysis. Various
digestion reagents and protocols were employed to establish a simple and effective method
for digesting animal tissue.

The successful application of proteinase K digestion for the isolation and quantification
of microplastics in marine organisms has been demonstrated in a marine environmental
study [13]. By using this digestion method, Cole et al. were able to overcome the challenge
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of isolating microplastics from complex, biota-rich seawater samples and marine organisms
by achieving a digestion efficiency of >97%. In the course of this study, a digestion protocol
that has already been established for human blood samples was used [16]. However, prob-
lems were encountered when this protocol was applied to different types of porcine tissue,
even though satisfactory digestion results were obtained when the same digestion protocol
was applied to human blood samples as a control experiment. This limitation impacted
the efficacy of assessing the behavior of plastic particles within the digestive solution.
Possible reasons may include that the incubation time and proteinase K concentration used
in this experiment were not sufficient for optimal digestion. Furthermore, employing a
comprehensive cellular-level homogenization technique or extending the denaturation
period before adding proteinase K could potentially yield improved results. However, a
publication by Liang et al. offers a potential solution of using proteinase K in a different
buffer solution than Tris-HCl, which might give better results [29]. Another study has
described optimum digestion for freshwater snails using a mixture of Tris-HCl, proteinase
K, and potassium hydroxide (KOH) [30]. The inclusion of KOH can enhance digestion
efficiency by facilitating the dissolution of organic matter, leading to improved recovery
of microplastics. Additionally, it has been described that these mild digestion conditions
do not alter contained microplastics, and therefore, this method is also well-suited for
extracting microplastics from tissue [30].

While various digestion protocols have been successfully applied for proteinase K,
there is currently no established protocol for organ tissue digestion using the enzymes
pepsin or pancreatin based on the current available knowledge and understanding. How-
ever, both pepsin and pancreatin have the potential to be utilized for tissue digestion due to
their enzymatic properties and functional relevance in the human digestive system. Pepsin,
a proteolytic enzyme produced in the stomach, is essential for the breakdown of proteins
during the digestive process [31]. Pancreatin, on the other hand, holds promise for tissue
digestion by facilitating the breakdown of various components within the tissue, including
proteins, fats, and carbohydrates [32]. The digestion protocol with pepsin and pancreatin
used in this study resulted in inefficient tissue digestion. Therefore, it was not possible to
isolate plastic particles from the organs for quantitative or qualitative analysis. Further
research and experimentation are needed to develop effective and reproducible protocols
for tissue digestion with pepsin and pancreatin. Thus, increasing the concentrations of
the enzymes used or the subsequent addition of enzymes such as trypsin could improve
digestion efficiency. In addition, alternative pepsin and pancreatin solutions with higher
enzymatic activity, as indicated by the manufacturer, could be investigated in future studies.
However, the implementation of these possible optimizations would involve more work
and higher costs. Enzymatic digestion is very promising for the isolation of plastic particles
from different samples. Nevertheless, given the fascinating physiological processes in the
gastrointestinal tract, it is likely that the experimental conditions, such as the concentration
of enzymes, will need to be adapted for each sample type.

As a further digestive solution, 10% potassium hydroxide (KOH) was used because it
is a commonly used and very simple and effective digestion method for a wide variety of
organic materials, like marine samples, animal tissue, and human tissue [18,33–35].

After achievement of the successful dissolution of kidney tissue under the selected
test conditions, the digestion of other pig organs was examined. The findings of this
study revealed that lung and liver tissue were effectively dissolved using a 10% KOH
solution after 76 h at 37 �C, while brain tissue was not. The inefficient dissolution of
brain tissue is likely attributed to its high lipid content, which may necessitate the use or
addition of organic solvents like methanol/chloroform and should be explored in future
investigations [36,37].

KOH is frequently employed in the context of microplastic analysis, wherein thorough
examination of the effects of this strong alkaline solution on microplastic particles is to en-
sure that these digestion conditions do not affect the structural and chemical characteristics
of the plastic particles.
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Considering the extensive use of polystyrene (PS) particles found in various studies
on microplastics in animals [30,38–41] and their easy accessibility and availability on the
market at a low cost, the effects of a 10% KOH solution on 1 µm PS particles at 37 �C for
76 h were examined. Moreover, the presence of polystyrene particles has been identified
in human blood [16], suggesting that plastic particles of this size may also be relevant in
human and animal organs. Light microscopy analysis of the particle solution revealed no
significant change in the particle count after KOH incubation, while electron microscopy
confirmed no alteration in particle size or surface area. These results align with previous
findings by Gulizia et al., who observed no impact of KOH on PS particles even at extreme
temperatures [42]. However, other studies have reported potential effects of KOH on PS
particles under different experimental conditions, recommending, for instance, incubation
at a maximum of 40 �C [43]. Additionally, it is important to consider the possibility
of interactions with other plastics when utilizing a 10% KOH solution, as previously
described [26].

To assess the impact of 10% KOH solution on digestion efficiency, we increased the
tissue:KOH ratio from 1:4 to 1:8, as previously employed for placenta dissolution [18].
However, even after consideration of dilution, no significant enhancement in tissue diges-
tion was observed in this study. Furthermore, the quantity of 5 µm PS particles, easily
detectable through light microscopy, remained unaffected by the increased amount of KOH
solution.

5. Conclusions

The findings of this study indicate the need for further optimization of enzymatic
procedures with proteinase K and a pepsin–pancreatin combination for tissue sample
digestion, which may vary depending on the tissue type. The goal of optimizing and
simplifying enzymatic digestion remains important, as it would enable the gentle isolation
of plastic particles with varying sizes and compositions.

Additionally, this study demonstrated that complex organ tissues such as the kidneys,
lungs, and liver can be effectively dissolved after incubation in a 10% KOH solution. This
opens up possibilities for future investigations of the accumulation of plastic particles
in these organs. It is particularly noteworthy that 1 µm polystyrene particles remained
unchanged under the selected experimental conditions.

Considering the simplicity and cost-effectiveness of using 10% KOH solution for
digestion, as well as its successful resolution of three out of four tested sample types, we
recommend its application with the necessary further investigation of KOH’s effects on
different plastic particles.

Supplementary Materials: The following supporting information can be downloaded at: https://www.

mdpi.com/article/10.3390/toxics11090790/s1, Figure S1. Enzymatic digestion of porcine lung, liver

and brain samples using proteinase K (Prot. K). The images depict homogenized lung, liver and

brain tissue in the digestion solution before and after incubation in proteinase K, as microscopic

examination was not feasible; Figure S2. Enzymatic digestion of lung, liver and brain tissue using

pepsin and pancreatin. The kidney homogenates were incubated for 4 h in a 2 mg/mL pepsin

solution, followed by an additional 24.5 h in a 2 mg/mL pancreatin solution at 37 �C. Representative

microscopic images show the progress of digestion after incubation in pepsin and after subsequent

incubation in pancreatin.
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Effects of micro- and nanoplastics on blood cells in vitro and cardiovascular 
parameters in vivo, considering their presence in the human bloodstream 
and potential impact on blood pressure
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A B S T R A C T

The adverse effects of plastics on the environment, wildlife, and human health have been extensively studied, yet 
their production remains unavoidable due to the lack of viable alternatives. Environmental fragmentation of 
larger plastic particles generates microplastics (MPs, 0.1–5000 μm) and nanoplastics (NPs, 1–100 nm), which can 
enter the bloodstream through inhalation or ingestion.

This review examines whether MPs and NPs influence blood pressure. To address this question, relevant 
studies were analyzed based on predefined criteria.

Due to anatomical barriers and microcirculatory dynamics, only NPs and small MPs are expected to enter the 
bloodstream under physiological conditions, although pathological states may alter this. In vitro research in-
dicates that MPs and NPs negatively affect erythrocytes and endothelial cells, while rodent models suggest po-
tential cardiovascular effects. Plastic particles and fibers have been detected in human blood, thrombi, 
atherosclerotic plaques, and various tissues. However, validated data on plastic particle-related blood pressure 
changes remain lacking. Despite limitations in their applicability to human physiology, preclinical models 
suggest that MPs and NPs circulate in the bloodstream, interact with blood cells, and contribute to vascular 
damage. Mechanisms such as endothelial injury, platelet activation, inflammation, and MPs/NPs accumulation in 
atherosclerotic plaques may contribute to blood pressure elevation but are unlikely to be the exclusive cause of 
hypertension.

Further research is needed to clarify the role of plastic particles in blood pressure regulation. Standardized 
detection methods, real-world scenario-related models, and targeted human studies are essential to assessing 
cardiovascular risks associated with MP and NP exposure.

1. Introduction

Plastics have a wide range of applications, favorable raw materials, 
good formability, and long durability, which collectively make them 
difficult to replace. It is therefore evident that conventional plastics are 
present in almost all areas of human life. The elimination of plastics from 
everyday life will necessitate a significant investment of time and re-
sources in research, as well as political and financial concessions from 
society. There are numerous types of plastic, with the most prevalent 
polymers being polyethylene (PE), polypropylene (PP), poly(ethylene 
terephthalate) (PET), poly(vinyl chloride) (PVC), and polystyrene (PS) 
(Santos et al., 2023).

The weathering, aging, and mechanical abrasion of building mate-
rials, medical equipment, food packaging, and other plastic objects have 
been observed to result in the release of small plastic particles, which are 
now suspected of being harmful to human health. The numerous sci-
entific findings of plastic contamination in water, soil and air, coupled 
with the indispensable role of conventional plastics, highlight the urgent 
need to address the current lack of solubility of this problem and the 
alarming rate of microplastics (MPs) and nanoplastics (NPs) contami-
nation (Athulya et al., 2024; Chen et al., 2024; Giannattasio et al., 2024).

Primary MPs and NPs are intentionally manufactured particles used 
in various industrial and consumer applications. Secondary MPs and NPs 
result from the fragmentation of larger plastic pieces. The size of MPs 
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ranges from 0.1 to 5000 μm, while NPs range from 0.001 to 0.1 μm 
(1–100 nm) (EFSA Panel on Contaminants in the Food Chain (CON-
TAM), 2016).

In recent years, the presence of plastic particles has been identified in 
a range of human tissues, organs and body fluids. The initial detections 
revealed the presence of plastic particles in intestinal excretions, sub-
stantiating the hypothesis that humans ingest and absorb plastic parti-
cles on a daily basis, and that these particles accumulate in the intestine 
(Schwabl et al., 2019). Subsequently, the presence of plastic particles 
was also identified in intestinal tissue, thereby corroborating this 
pathway of plastic uptake (Ibrahim et al., 2021). It has also been 
demonstrated that MPs can be taken up by inhalation of ambient air and 
that they are present in human lung tissue (Amato-Lourenço et al., 
2021). Furthermore, MPs were identified in human placenta and liver 
samples (Braun et al., 2021; Horvatits et al., 2022; Ragusa et al., 2021). 
In early 2022, the first detection of plastic particles larger than 0.7 μm in 
human blood samples was published (Leslie et al., 2022). Other studies 
have identified the presence of MPs in a range of other human body 
fluids, including breast milk, saliva, urine, seminal fluid and tissues 
(Huang et al., 2022; Li et al., 2024; Montano et al., 2023; Pironti et al., 
2022; Ragusa et al., 2022; Weingrill et al., 2023; Zhao et al., 2023).

In animal studies, artificially produced MPs and NPs have frequently 
been administered orally and inhaled, subsequently demonstrating the 
distribution and accumulation of particles in various organs (Hu et al., 
2021; Kim et al., 2021; Meng et al., 2022; Rawle et al., 2022; 
Schwarzfischer et al., 2022; Shan et al., 2022).

The findings on MPs in humans, along with numerous animal studies 
to date, demonstrate that NPs and small MPs can be ingested or inhaled, 
traverse cellular barriers in the lungs and intestines, enter the blood-
stream, and become trapped and accumulate in organs. This review of 
the literature led us to the question of whether and to what extent plastic 
particles in the bloodstream can influence blood pressure in humans. 
Due to anatomical structures and microcirculatory dynamics, it is ex-
pected that only NPs and small MPs up to about 5–10 μm will circulate in 
the blood, while larger particles are likely to be deposited in capillary 
vessels.

It is hypothesized that the deposition of these small plastic particles 
in vessels and organs increases total peripheral resistance, thereby 
increasing blood pressure. It is also thought that the interaction of MPs 
and NPs with erythrocytes can lead to their damage and with platelets to 
their activation, which can lead to changes in blood flow. In addition, 
plastic particles can cause numerous small injuries to the endothelium, 
which may ultimately lead to a narrowing of the vessel lumen, poten-
tially resulting in changes in blood pressure.

The impact of ingested plastic particles on blood pressure remains 
uncertain. This review aims to consolidate existing knowledge on this 
topic and facilitate future studies aimed at elucidating the underlying 
mechanisms.

2. Methods of literature research

The present literature review was compiled from scientific articles 
published between December 2011 and July 2024, focusing on the ef-
fects and detection of MPs, NPs and airborne bone particles in in vitro 
and in vivo animal and human studies. Search resources included 
PubMed (https://pubmed-ncbi-nlm-nih-gov), Science Direct 
(https://www.sciencedirect.com) and Google Scholar (https://scholar. 
google.at). The main search terms were microplastics, nanoplastics, 
cardiovascular disease and hypertension. For the more specific chapters, 
we included the following search terms: erythrocytes, red blood cells, 
endothelium, human blood, human heart, cardiotoxicity, air pollution.

The articles were selected based on the criteria of having undergone 
peer review and written in English. Studies included in this review 
explored the effects of MPs and NPs on cardiovascular parameters, 
which consequently influence blood pressure. Accordingly, studies 
investigating the molecular mechanisms of toxicity, relevant in vitro 

models, in vivo studies, and human clinical trials were included. Studies 
were excluded if they focused solely on the ecotoxicological or envi-
ronmental aspects of MPs without relevance to human health. Addi-
tionally, research on macroplastics or other pollutants unrelated to MPs 
and NPs was not considered. Studies that did not specifically investigate 
cardiovascular effects or utilized models that are not comparable to 
human biological systems were also excluded (Table 1).

However, it is also important to recognize the limitations and biases 
of the included references. A significant proportion of the included 
publications employed in vitro or in vivo models, which, despite their 
relevance, may not fully replicate human physiological responses. 
Additionally, variations in experimental design, such as differences in 
particle size, concentration, and exposure duration, may compromise 
the comparability of findings across studies. It is also crucial to recognize 
that studies reporting null or negative results may be underrepresented 
due to publication bias.

3. Results

3.1. Pathways of plastic particles into the bloodstream

3.1.1. Intestinal uptake of MPs and NPs
The ingestion of plastic particles and fibers through the digestive 

tract is unavoidable due to the widespread use of plastic packaging for 
food and beverages, as well as the presence of plastic particles in food 
and ambient air that settle on our meals (Mamun et al., 2023; Qian et al., 
2024; Xu et al., 2025). To enter the bloodstream from the intestinal 
lumen, these particles must traverse several biological barriers.

The intestinal mucus layer serves as the first line of defense. Particles 
larger than 500 nm have been shown to be unable to pass through, as the 
average mesh size of mucus is around 214 nm (Van Wijngaarden et al., 
2025). Surface charge also plays a crucial role in diffusion: particles with 
a neutral or slightly negative charge exhibit the highest diffusivity (Van 
Wijngaarden et al., 2025).

Enterocytes are capable of taking up and transporting particles, at 
least those in a size range of 0.1–1 μm, via several pathways, including 
caveolae-mediated transcytosis, macropinocytosis, clathrin-mediated 
transcytotic pinocytosis, and the chylomicron pathway (Delon et al., 
2022; Sheth et al., 2021). The resulting vesicles can vary in size from 50 
to 2500 nm (Delon et al., 2022; Sheth et al., 2021).

M cells, specialized epithelial cells within the follicle-associated 
epithelium of Peyer’s patches, efficiently uptake particles ranging 
from approximately 1 to 5 μm via transcytosis and deliver them to un-
derlying immune cells (Delon et al., 2022; Ermak, 1998).

Paracellular passage is generally restricted to particles smaller than 
50 nm. However, when tight junction integrity is compromised, the 

Table 1 
Inclusion and exclusion criteria for MPs and NPs research.

Selection 
criteria

Inclusion criteria Exclusion criteria

Content 
variables

Micro- and nanoplastic particles 
and fibers

All other types of particles

Mechanical influence of MPs and 
NPs on the blood circulation 
system

Release and uptake of MPs and 
NPs and the influence on all 
other organ systems

Studies on humans, human cells 
or animal model organisms with a 
comparable blood circulation

Animals with far comparable 
blood circulation systems (e.g. 
fish)

Diseases caused by MPs and NPs 
affecting blood pressure

Diseases with no confirmed 
effect on blood pressure caused 
by MPs and NPs

Study 
design

Original research, meta-analyses, 
pilot studies, studies investigating 
mechanistic approaches

Reviews

Period of 
time

2011–2024 ​

Language English All other languages
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intercellular space can expand, allowing particles as large as 2 μm to 
pass through due to increased permeability and reduced barrier resis-
tance (Delon et al., 2022). Temporary gaps caused by the detachment of 
epithelial cells at the villus tips can also facilitate the passage of larger 
microparticles (7–70 μm) across the intestinal barrier (Delon et al., 
2022). This loss of barrier function is often observed in the context of 
inflammatory processes (Agrawal et al., 2024). Alternative routes of 
entry include uptake by macrophages or dendritic cells, followed by 
translocation through the intercellular spaces of the epithelium into the 
lamina propria, where particles enter the lymphatic vessels (Prata, 
2023). Based on typical cell sizes, it is unlikely that particles larger than 
10 μm will be taken up by immune cells for transport.

It can be assumed that plastic particles with a predominantly hy-
drophobic surface can enter the lymphatic capillaries, which have an 
average diameter of 10–75 μm, and follow a transport route in the 
bloodstream similar to that of chylomicrons. The lymph then flows 
through the thoracic duct into the subclavian vein, from where it enters 
the right heart and lungs (Geiger, 2024). From the lungs, the particles 
must pass through the alveolar capillary network, which has a diameter 
of only 5–10 μm (Grotberg and Romanò, 2023).

For plastic particles with a predominantly hydrophilic surface and a 
diameter of 5–10 μm, the entry route via the capillary blood network of 
the intestinal wall should be more likely than via the lymph. This route 
leads via the vena portae to the liver, where the particles enter the 
secondary capillary system of the hepatic sinusoids. The sinusoids form a 
complex network that acts as an immediate filter for larger particles 
(Burt et al., 2022).

For example, in the case of intestinal inflammation, the activity of 
immune cells and the permeability of capillaries or other vessels to 
plastic particles may increase, likely leading to a higher uptake of MPs 
and NPs.

3.1.2. Pulmonary uptake of MPs and NPs
Under physiological conditions, larger plastic particles are trapped in 

the upper airways, with only particles smaller than 5 μm reaching the 
lower airways (Joshi et al., 2025; Kelly and Fussell, 2012). However, 
depending on exposure intensity, oxidative stress, and inflammatory 
processes, even larger plastic fragments can enter the lower airways, as 
demonstrated in independent studies (Amato-Lourenço et al., 2021; C. 
Chen et al., 2023; Jenner et al., 2022; Momeni et al., 2025; S. Wang 
et al., 2023). The air-blood barrier is least pronounced in the alveoli, 
making the infiltration of plastic particles and fibers most likely in this 
region (Patel et al., 2024).

Similar to the intestinal system, plastic fragments with a maximum 
diameter of 5–10 μm can enter the pulmonary capillaries directly after 
damage to the alveolar epithelial cells. Alternatively, particles may be 
taken up by macrophages from the alveoli and transport via the 
lymphatic system from the interstitial space into the venous system is 
possible, allowing them to re-enter pulmonary perfusion (Geiser, 2002; 
Mori et al., 2013; Warheit and Hartsky, 1993). Particles and fibers larger 
than 10 μm can also migrate from the lung interstitium via the lymphatic 
vessels into the venous system and subsequently re-enter the pulmonary 
capillaries. It is assumed that these mechanisms of particle entry into the 
blood vessels of the human lung may be altered by oxidative stress, toxic 
or inflammatory influences, and various pulmonary diseases.

3.2. Effects of MPs and NPs in vitro

3.2.1. Effect of MPs and NPs on erythrocytes
Once MPs and NPs are in the circulation, they can interact with blood 

and the contained cellular components, such as erythrocytes or throm-
bocytes (Fig. 1, Table 2) (Christodoulides et al., 2023; Gopinath et al., 
2019; Kim et al., 2022; Zhu et al., 2023). The assumption of these in-
teractions led to the investigation of aggregation and adhesion of 
erythrocytes after treatment with 50, 107 and 250 nm PS MPs and NPs in 
concentrations of 50, 150, 250, 350 and 500 μg/mL in protein free 
medium (Barshtein et al., 2011, 2016). Significant effects for hemolysis 
of erythrocytes were observed only for 50 nm PS NPs, but at all con-
centrations mentioned above (Barshtein et al., 2011). Additionally, 
formation of erythrocytes aggregates was observed for 250 nm PS and 
elevated RBC adhesion to endothelial cells were observed for 107 and 
250 nm PS, both only at a concentration of 500 μg/mL (Barshtein et al., 
2016). Notably, the experiments by Barshtein and colleagues were 
carried out in a protein-free medium, while plasma proteins can 
modulate the properties of NPs, and subsequently their interaction with 
cells (Cedervall et al., 2007). A study of Gopinath and colleagues 
analyzed the interaction of proteins with NPs in a size of 100 nm and at a 
concentration range from 1 to 10 μg/mL and revealed that coronated 
NPs examined at concentrations between 2.5 μg/mL and 10 μg/mL 
resulted in cytotoxicity rates between 40 % and 70 %, while hemolysis 
ranges from 50 % to 90 % at concentrations between 5 and 10 μg/mL 
(Gopinath et al., 2019). Toxic activity was also observed when testing 
100 nm PS-NH2 NPs, inducing hemolysis of erythrocytes. This activation 
of secondary hemostasis involves clotting factors initiating the poly-
merization of fibrin, which stabilizes the platelet plug and entraps the 
erythrocytes in the fibrin network to form a red thrombus. But 

Fig. 1. The hypothesized model of MPs and NPs interactions with human erythrocytes and endothelial cells under high-exposure conditions in vivo. This model 
illustrates potential consequences such as hemolysis, oxidative stress, endothelial damage, and thrombus formation.
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erythrocytes can also adhere directly to the endothelium, contributing to 
the stabilization of the thrombus. This adhesion occurs independently of 
the hemolytic processes and serves as an additional mechanism to secure 
the clot to the vascular wall. Adhesion to primary human umbilical vein 
endothelial cells (HUVECs) was observed at a concentration of 50 and 
100 μg/mL, with an extent of hemolysis of 26 % at 100 μg/mL, while no 
hemolytic effects were detected for plain 100 nm PS NPs at 100 μg/mL 
(Kim et al., 2022). In contrast, the application of small MPs resulted in 
the induction of hemolytic effects on erythrocytes (Hwang et al., 2020). 
It was shown that PS microspheres with diameters of 460 nm and 1 μm 
affected erythrocytes and showed hemolysis of erythrocytes at a con-
centration of 100 μg/mL, however PS particles with diameter of 3, 10, 
40 and 100 μm were not significantly cytotoxic (Hwang et al., 2020). 
Furthermore, it was investigated, if MPs in various sizes and types (0.8 
μm PS, 1 μm and 10 μm PE, and 1 μm and 8 μm PMMA) and different 
concentrations (25–500 μg/mL) can destabilize lipid membranes in 
erythrocytes by mechanical stretching (Fleury and Baulin, 2021). The 
results showed that no significant conductive signals could be measured 
on a bilayer in the presence of MPs, but an increase in bilayer tension 

with increasing concentration was observed, especially for 8 μm PMMA 
and 10 μm PE particles (Fleury and Baulin, 2021). Płuciennik et al. 
demonstrated that the in vitro hemolysis of human erythrocytes induced 
by plain PS NPs, with sizes of 29 nm, 44 nm, and 72 nm, and at con-
centrations ranging from 0.001 to 200 μg/mL, is dependent on nano-
particle size (Płuciennik et al., 2023). It was shown, that the smallest 
nanoparticles (29 nm) caused the greatest hemolysis, while larger par-
ticles (72 nm) with a higher absolute negative zeta potential (−42 mV) 
exhibited a lower cytotoxic effect compared to smaller particles with a 
lower zeta potential (−29.68 mV), with significant effects observed 
across all particle sizes at concentrations of 100 and 200 μg/mL 
(Płuciennik et al., 2023). Remigante and colleagues investigated the 
hemolysis of erythrocytes following treatment with 100 nm and 1 μm PS 
particles at concentrations of 0.1, 1, 5, 10, 50 and 100 μg/mL, observing 
significant hemolysis for both particle sizes at even at concentrations of 
5 μg/mL and higher after exposure durations of 3 h and 24 h (Remigante 
et al., 2024). Additionally intracellular reactive oxygen species (ROS) 
levels were measured in human erythrocytes treated with 1 μg/mL of 
100 nm and 1 μm PS particles, revealing significant ROS accumulation 

Table 2 
Summary of micro- and nanoplastic toxicity in vitro.

Models Particle properties 
that caused effects

Concentrations that 
caused effects

Effect Investigated type 
and size of particles

Investigated 
concentration

References

Human erythrocytes 50 nm PS ≥50 μg/mL Hemolysis 50, 107 and 250 nm 
PS

50, 150, 250, 350 and 
500 μg/mL

Barshtein et al. 
(2011)

250 nm PS 500 μg/mL RBCs aggregation 50, 107 and 250 nm 
PS

50, 200 and 500 μg/mL Barshtein et al. 
(2016)107 and 250 nm PS 500 μg/mL RBCs adhesion to 

endothelial cells
100 nm PS ≥5 μg/mL Hemolysis 100 nm PS 1, 2.5, 5, 7.5, 10 μg/mL Gopinath et al. 

(2019)100 nm PS ≥2.5 μg/mL Cytotoxicity
100 nm PS-NH2 50 and 100 μg/mL Hemolysis 100 nm PS-NH2 10, 25, 50 and 100 μg/mL Kim et al. 

(2022)100 nm PS-NH2 50 and 100 μg/mL RBCs adhesion to HUVECs
10 μm PE 
8 μm PMMA

≥100 μg/mL Bilayer tension 0.8 μm PS 
1 and 10 μm PE 
1 and 8 μm PMMA

25, 100, 200, 300, 400 
and 500 μg/mL

Fleury and 
Baulin (2021)

29, 44, 72 nm PS 100 and 200 μg/mL Hemolysis 29, 44, 72 nm PS 0.001, 0.01, 0.1, 1, 10, 25, 
50, 100 and 200 μg/mL

Płuciennik et al. 
(2023)

100 nm and 1 μm 
PS

5, 10, 50 and 100 μg/ 
mL

Hemolysis 100 nm and 1 μm PS 0.1, 1, 5, 10, 50 and 100 
μg/mL

Remigante 
et al. (2024)

100 nm and 1 μm 
PS

1 μg/mL ROS accumulation 100 nm and 1 μm PS 1 μg/mL

Sheep erythrocytes 460 nm and 1 μm 
PS

100 μg/mL Hemolysis 460 nm, 1, 3, 10, 40 
and 100 μm PS

1, 10, 100, 500, and 1000 
μg/mL

Hwang et al. 
(2020)

Human umbilical vein 
endothelial cells 
(HUVECs)

50 nm PMMA- 
COOH

50 and 500 μg/mL Endothelial leakiness 30 nm PS-NH2 
50 nm PMMA-COOH

50 and 500 μg/mL Wei et al. 
(2022)

30 nm PS-NH2 50 and 500 μg/mL Reduction of cell viability
50 nm PS-NH2 ≥5 μg/mL Reduction of cell viability 50 nm PS and PS- 

NH2
5, 10, 15, 20, and 25 μg/ 
mL

Fu et al. (2022)
50 nm PS-NH2 20 μg/mL ROS accumulation
50 nm PS 10 and 20 μg/mL
1 μm PS 100 μg/mL Reduction of cell viability 1 μm PS 5, 10, 25, 50, and 100 μg/ 

mL
Lu et al. (2023)

500 nm PS 50 and 100 μg/mL Reduction of cell viability 100 and 500 nm PS 5, 10, 25, 50 and 100 μg/ 
mL

Lu et al. (2022)

20 nm PS ≥50 μg/mL Reduction of cell viability 20, 50 and 100 nm 
PS

50, 250 and 1000 μg/mL Zhang et al. 
(2022)50 nm PS 250 and 1000 μg/mL

100 nm PS 1000 μg/mL
20, 50, 100, 500 
nm PS 
5 and 10 μm PS

1000 μg/mL ROS accumulation 20, 50, 100, 500 nm 
PS 
5 and 10 μm PS

1000 μg/mL

0.5 μm PS ≥20 μg/mL Reduction of cell viability 0.5, 1 and 5 μm PS 20, 40, 60, 80 and 100 μg/ 
mL

Lee et al. 
(2021)1 μm PS 80 and 100 μg/mL

Human umbilical vein 
endothelial cell line 
(EA.hy926)

2.2–6.5 μm PS ≥4 × 10−2 μg/mL Reduction of cell viability 2.2–6.5 μm PS 4 × 10−6, 4 × 10−4 4 ×
10−2, 4 and 40 μg/mL

Chen et al. 
(2023)4 × 10−6 and 4 ×

10−2 μg/mL
ROS accumulation

Murine myocardial 
endothelial cells

1 μm PS 5.4 × 10−4 μg/mL Endothelial activation, 
monocyte cell adhesion

1 μm PS 5.4 × 10−4, 5.4 × 10−2, 
and 5.4 μg/mL

Vlacil et al. 
(2021)

Porcine coronary artery 
endothelial cells 
(PCAECs)

22 nm PS 1 and 10 μg/mL Endothelial senescence 
and dysfunction

22 nm PS 1 and 10 μg/mL Dhakal et al. 
(2023)

25 nm PS 1 and 10 μg/mL Endothelial senescence 
and dysfunction

25 nm PS 0.1, 1 and 10 μg/mL Shiwakoti et al. 
(2022)

Porcine aortic endothelial 
cell line (AOC)

100 nm PS 5, 25 and 75 μg/mL Increase in metabolic 
activity, and VEGF 
production

100 nm PS 5, 25 and 75 μg/mL Basini et al. 
(2023)
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for both particle sizes as early as 30 min post-treatment (Remigante 
et al., 2024).

3.2.2. Effects of MPs and NPs on the endothelium
The MPs and NPs that have entered the bloodstream circulate in the 

bloodstream and can also interact with the endothelial cells. Therefore, 
numerous studies have investigated the effects of plastic particles on 
endothelial cells (Fig. 1, Table 2).

Specifically, PMMA NPs with a size of 50 nm can induce statistically 
significant endothelial leakiness at both 50 and 500 μg/mL when 
investigated on HUVECs, while, in contrast, no endothelial leakiness was 
observed with the treatment of 30 nm PS-NH2 NPs (Wei et al., 2022). In 
terms of cell viability, the opposite is the case: PS-NH2 shows statistically 
significant reduction of cell viability at a concentration of 50 and 500 
μg/mL, while PMMA has better biocompatibility and no significant 
reduction of cell viability (Wei et al., 2022).

Similar results, regarding significance for the reduction of cell 
viability, were also observed in HUVECs with 50 nm a PS-NH2 NPs at 
exposure concentrations of 5, 10, 15, 20, and 25 μg/mL, after 12 h of 
incubation (Fu et al., 2022). While these positive charged PS NPs show 
high toxicity, the plain 50 nm PS NPs showed no 
concentration-dependent cytotoxicity (Fu et al., 2022). For the effect of 
ROS production, the PS-NH2 NPs show statistical peak at 20 μg/mL, 
while plain PS NPs revealed significantly high ROS level even at 10 
μg/mL (Fu et al., 2022). This reduction in cell viability, along with the 
impaired mitochondrial membrane potential and increased ROS gener-
ation, underscores the cytotoxic effects of NPs. Cytotoxicity on HUVECs 
was also investigated for 100 nm and 500 nm (Lu et al., 2022) and 1 μm 
PS particles (Lu et al., 2023) in a wide concentration range between 5 
and 100 μg/mL. However, only after 48 h of exposure, the 500 nm PS 
particles at a concentration of 50 and 100 μg/mL and the 1 μm PS 
particles at a concentration of 100 μg/mL showed cytotoxicity, while no 
toxicity associated with oxidative stress was found for any particle size 
at any concentration (Lu et al., 2022, 2023). Further cell viability tests 
on NPs with a size of 20, 50, and 100 nm were tested at 50, 250 and 
1000 μg/mL on HUVECs and revealed significant effects at 1000 μg/mL 
for all sizes (Zhang et al., 2022). At 250 and 50 μg/mL, the 100 nm 
particles showed no effects, and the 50 nm particles exhibited effects 
only at 250 μg/mL. Notably, the 20 nm particles displayed statistically 
significant effects at all tested concentrations (Zhang et al., 2022). The 
investigation of ROS production showed statistically significant in-
creases for NPs and MPs in a size range between 20 nm and 10 μm at a 
concentration of 1000 μg/mL and with a higher amount of ROS for 
smaller plastic sizes (Zhang et al., 2022). Regarding reduced cell 
viability, another study on PS MPs showed a dose- and size dependent 
inhibition of endothelial cell viability in HUVECs after 72 h of incuba-
tion, with significant reduction for 500 nm at all tested concentrations 
between 20 and 100 μg/mL, while 1 μm PS showed significant results 
only at 80 and 100 μg/mL and the 5 μm PS exhibited no significant 
reduction of cell viability at any concentration (Lee et al., 2021).

Furthermore, in a human umbilical vein endothelial cell line (EA. 
hy926 cells), an average particle size of 4 μm PS MPs have been shown to 
significantly decrease cell viability after 24 h and at exposure concen-
trations of 0.04 μg/mL, 4 μg/mL, and 40 μg/mL (Chen et al., 2023). 
Additionally, a significant accumulation of ROS was observed at both 4 
× 10−6 and 0.04 μg/mL (Chen et al., 2023).

Further in vitro studies investigated interactions of 1 μm PS MPs in a 
concentration of 5.4 × 10−4, 5.4 × 10−2 and 5.4 μg/mL in a murine 
myocardial endothelial cell line (MyEND) and identified no cell 
viability, but endothelial activation and monocyte adhesion was 
observed for the lowest concentration (Vlacil et al., 2021). Another 
study using primary porcine coronary artery endothelial cells (PCAECs) 
found, that 22 and 25 nm PS NPs, in a concentration of 1 and 10 μg/mL, 
induce endothelial senescence and dysfunction (Dhakal et al., 2023; 
Shiwakoti et al., 2022). Basini et al. studied the interaction between the 
porcine aortic endothelial cell line (AOC) and 100 nm PS NPs and found 

a significant increase in metabolic activity and vascular endothelial 
growth factor (VEGF) at a concentration of 5, 25 and 75 μg/mL (Basini 
et al., 2023).

3.3. Effects of MPs and NPs in vivo animal models

Moreover, studies have explored the in vivo effects of MP and NP 
exposure, along with the potential cardiovascular toxicities (Table 3). 
Exposure of 5 μm or 10 μm PS MPs in a concentration of 1000 μg/L in 
drinking water to C57BL/6 mice resulted in different cardiovascular 
toxicities, like vascular histopathological alterations (Shi et al., 2022), 
reduced cardiac sodium–potassium pump (Na + -K + -ATPase) activity 
and N6-methyladenosine (m6A) modification of noncoding RNAs 
(ncRNAs), which is involved in MP-induced myocardial damage (Zhang 
et al., 2023) and increased obesity in mice treated with 0.5 and 5 μm PS 
at a concentration of 1 μg/mL, which is associated with cardiometabolic 
disease phenotype (Zhao et al., 2022). In addition, a significant increase 
in eosinophils and basophilic leucocytes was observed in mice treated 
with 5 μm PS at a concentration of 0.1 and 1 μg/mL (Zhao et al., 2022). A 
very recent study observed vessel wall thickening and abnormal lipid 
metabolism with significant elevation of the serum levels of low-density 
lipoprotein (LDL-C), triglycerides (TG), total cholesterol (TC), alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST) and sig-
nificant inhibition of the serum high-density lipoprotein (HDL-C) levels 
in C57BL/6 mice after exposure to 100 nm PS NPs at a higher concen-
tration of 100 μg/mL in drinking water (Zhang et al., 2024). Another 
study investigated the effects of 50 nm PS NPs on systolic blood pressure 
and diastolic blood pressure in ApoE−/− mice by oral gavage (Wang 
et al., 2023). A significant increase in diastolic blood pressure was 
observed after 10 weeks of exposure to 25 and 250 mg NPs/kg body 
weight, while systolic blood pressure only showed a statistically signif-
icant increase after 19 weeks and only at 250 mg NPs/kg body weight 
(Wang et al., 2023). In vivo experiments on BALB/c mouse models were 
conducted to investigate the vascular system after by caudal vein in-
jection with 80 nm of PS, PS-NH2 and PS-COOH with concentrations of 
5, 10 and 20 mg/kg for the plain PS particles and 0.05, 0.5 and 5 mg/kg 
for the aminated and carboxylated PS particles (Wang et al., 2023). All 
different particles in all concentrations showed a statistically significant 
increase in leukocytes, a decrease in body weight (except PS-NH2 0.05 
mg/kg) and an increase in lymphocyte count (except PS-NH2 0.05 
mg/kg) (Wang et al., 2023).

Moreover, the exposure of 5 μm PS MPs at a concentration of 0.5 mg/ 
L in drinking water induced mild calcification in the hearts and 
ascending aortas of normal rats due to a highly significant increase in 
relative calcium levels, but without indication of significances (Yan 
et al., 2023). Further studies demonstrated the effects of 500 nm PS MPs 
at a concentration of 0.5, 5 and 50 μg/mL in drinking water, in Wistar 
rats (Li et al., 2020; Wei et al., 2021). It was found that pyroptosis, a 
programmed cell death associated with inflammation, is induced by the 
increased expression of NF-κB and NLRP3 (significant at all three con-
centrations) and of cleaved GSDMD (significant at 5 and 50 μg/mL) in 
cardiomyocytes (Wei et al., 2021). Additionally, cardiomyocyte 
apoptosis, through mitochondrial damage with significant upregulation 
of Bax (at 5 and 50 μg/mL) and downregulation of Bcl-2 (at 50 mg/mL) 
and oxidative stress with increased MDA level and decreased CAT, 
GSH-PX and SOD levels (all statistically significant at 5 and 50 μg/mL), 
was induced (Li et al., 2020). Even smaller aminated PS particles, in the 
range of 100 nm, were administered by intravenous injection to 
Sprague-Dawley rats at doses of 0.25, 0.5 and 1 mg/kg, and also led to 
significant thrombus formation, even at the lowest dose tested (Kim 
et al., 2022).

3.4. Detection of MPs in human blood and tissue samples

Considering MPs in the blood and cardiovascular system in more 
detail, there are various physiological barriers that allow different sizes 
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of plastic particles to pass through (Fig. 2, Table 4). Plastic particles, like 
PET, PE, PS and PMMA have already been found in human blood sam-
ples from 22 healthy adult volunteers at a concentration of 1.6 μg/mL 
and at a size greater than 700 nm by using pyrolysis gas chromatography 
and mass spectrometry (Pyrolysis-GC/MS) (Leslie et al., 2022). Another 

study used LDIR chemical imaging system for the analysis of 14 blood 
samples from 7 patients undergoing cardiac surgery for the presence of 
MP, before and after surgery (Yang et al., 2023). Plastic particles and 
fibers were consistently detected in all blood samples, ranging from 20 
to 184 μm. Predominantly, PA and PET comprised over 70% of the total 

Table 3 
Summary of micro- and nanoplastic toxicity on animal in vivo studies.

Models Particle properties 
that caused effects

Concentrations that 
caused effects

Effect Investigated type and 
size of particles

Investigated 
concentration

References

C57BL/6 
mice

5 μm PS 1000 μg/mL Hyperlipidemia, oxidative and vascular 
injury

5 μm PS 1000 μg/mL Shi et al. 
(2022)

10 μm PS 1000 g/L Cardiac Na + -K + -ATPase inhibition, heart 
injury

10 μm PS 1000 μg/mL Zhang et al. 
(2023)

0.5 and 5 μm PS 1 μg/mL Adiposity 0.5 and 5 μm PS 0.1 and 1 μg/mL Zhao et al. 
(2022)5 μm PS 0.1 and 1 μg/mL Increased levels of eosinophils and basophils

100 nm PS 100 μg/mL Vessel wall thickening, abnormal lipid 
metabolism (LDL-C, TG, TC, ALT, AST, HDL- 
C)

100 nm PS 100 μg/mL Zhang et al. 
(2024)

ApoE−/−

mice
50 nm PS 250 mg/kg Increase in systolic blood pressure 50 nm PS 2.5, 25 and 250 

mg/kg
Wang et al. 
(2023)50 nm PS 25 and 250 mg/kg Increase in diastolic blood pressure

BALB/c mice 80 nm PS, 
80 nm PS-NH2, 
80 nm PS-COOH

5, 10 and 20 mg/kg, 
0.05, 0.5 and 5 mg/kg, 
0.05, 0.5 and 5 mg/kg

Increase in leucocytes 80 nm PS, 
80 nm PS-NH2, 
80 nm PS-COOH

5, 10 and 20 mg/ 
kg, 
0.05, 0.5 and 5 
mg/kg, 
0.05, 0.5 and 5 
mg/kg

Wang et al. 
(2023)

80 nm PS, 
80 nm PS-NH2, 
80 nm PS-COOH

5, 10 and 20 mg/kg, 
0.05, 0.5 and 5 mg/kg, 
0.5 and 5 mg/kg

Decrease in body weight, Increase in 
lymphocytes

Sprague- 
Dawley 
rats

5 μm PS 0.5 μg/mL Calcification of heart and aorta 5 μm PS 0.5 μg/mL Yan et al. 
(2023)

100 nm PS 0.25, 0.5, and 1 mg/kg Thrombus formation 100 nm PS 0.25, 0.5, and 1 
mg/kg

Kim et al. 
(2022)

Wistar rats 500 nm PS 0.5, 5 and 50 μg/mL Pyroptosis (increased NF-κB and NLRP3) 500 nm PS 0.5, 5 and 50 μg/ 
mL

Wei et al. 
(2021)500 nm PS 5 and 50 μg/mL Pyroptosis (decreased cleaved GSDMD)

500 nm PS 5 and 50 μg/mL Mitochondrial damage (upregulation of 
Bax)

500 nm PS 0.5, 5 and 50 μg/ 
mL

Li et al. 
(2020)

500 nm PS 50 μg/mL Mitochondrial damage (downregulation of 
Bcl-2)

500 nm PS 5 and 50 μg/mL Oxidative stress

Fig. 2. Ingestion and inhalation of plastic particles and their evidence to date in the human cardiovascular system. Based on the available literature, it can be inferred 
that plastic particles in the bloodstream may contribute to changes in blood pressure.
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MPs detected, with notable shifts in MPs composition and size observed 
between pre- and post-surgery blood samples, suggesting potential im-
plications of surgical intervention on MPs dynamics (Yang et al., 2023). 
The study by Leslie and colleagues was repeated with slight adjustments 
in a human cohort of 68 whole blood samples, identifying plastic 
polymers in 64 of the samples (Brits et al., 2024). The most prevalent 
polymer was PE, followed by PVC, PET and PMMA, with an average 
total polymer concentration in the blood samples determined to be 1.07 
μg/mL and individual concentrations ranging from 0.17 to 2.49 μg/mL 
(Brits et al., 2024). Guan and colleagues investigated human blood from 
8 participants and found two Low density Polyethylene (LDPE) MPs and 
one MP particle each of Polyethylene-co-acrylic acid (PEAA), 
Polystyrene-coacrylonitrile (PSAN) and Polyvinyl alcohol (PVA), 
ranging in size from 19.92 to 66.73 μm, using Raman microspectroscopy 
(Guan et al., 2023).

Using a similar participant setup, 20 healthy adult volunteers, but 
with a different methodology, namely micro fourier transform inter-
ferometer (μFTIR) spectroscopy, plastic particles were also analyzed 
from human blood samples (Leonard et al., 2024). The more than 70 % 
of the detected plastic particles consisted of PE, EPDM (ethylene pro-
pylene diene monomer), EVA/EVOH (ethylene-vinyl acetate/ethylene 
vinyl alcohol), PA, and PS, with a mean particle length of 127.99 ±
293.26 μm (ranging from 7 to 3000 μm) and a mean particle width of 
57.88 ± 88.89 μm (ranging from 5 to 800 μm) (Leonard et al., 2024). 
Another study collected 15 blood samples and detected 2.2 ± 1.42 MP 
particles per mL, identifying 10 different polymers, with PE, PE-co-PP, 
and PP being the most common, comprising 23.68 %, 21.05 %, and 
13.16 % of the total, respectively, and found that the average length of 
MPs in blood samples was 20.03 μm, with an average width of 15.93 μm 
(Xu et al., 2024).

An examination of digested human saphenous vein tissue samples 
using μFTIR spectroscopy provided the first evidence of MPs contami-
nation in human vascular tissue, detecting microplastics in four out of 
five vein samples, with an average of 14.9 ± 17.2 MP/g of tissue 
(Rotchell et al., 2023). The most abundant polymers found were alkyd 
resin, poly vinyl propionate/acetate (PVAc) and nylon ethylene vinyl 
alcohol (nylon EVA), with MPs having an average length of 119.59 ±

226.82 μm (range 16–1074 μm) and width of 41.27 ± 62.80 μm (range 
7–300 μm) (Rotchell et al., 2023). The presence of MPs in human arterial 
thrombi was investigated using μRaman spectroscopy, with 16 out of the 
26 samples analyzed testing positive for a total of 87 microparticles (Wu 
et al., 2023). Interestingly, most of the particles were characterized as 
pigments, in particular, 21 particles were characterized as made by 
phthalocyanine (predominantly copper phthalocyanine) and only one 
MP particle, made of low density polyethylene (LDPE), was identified 
(Wu et al., 2023). According to the authors, the pigments found in 
thrombi, are added to polymers to provide color, and together with the 
MP particle this probably originates from daily plastic exposure (Wu 
et al., 2023). Looking at the association between all the particles found 
in the thrombi and cardiovascular parameters, the authors found a sta-
tistically highly significant positive association between the number of 
particles in thrombus and blood platelet levels, but no statistical asso-
ciation with systolic blood pressure and diastolic blood pressure (Wu 
et al., 2023).

Moreover, Pyrolysis-GC/MS and additional stable isotope analysis, 
and electron microscopy, was used to analyze the carotid plaque tissue 
of 257 patients and found an average PE concentration of 21.7 ± 24.5 
μg/mg plaque in 58.4 % of the samples, of which 12.1 % additionally 
contained a measurable amount of PVC (5.2 ± 2.4 μg/mg plaque) 
(Marfella et al., 2024). It was further shown, that patients with plastic 
particles detected within atherosclerotic plaques exhibited a signifi-
cantly higher risk of primary endpoint events, including myocardial 
infarction and stroke, compared to patients without these substances 
detected (Marfella et al., 2024). Likewise with the help of 
Pyrolysis-GC/MS MPs (PET, PA-66, PVC, and PE) were detected in 
various types of human arteries, including coronary and carotid arteries 
with atherosclerotic plaques, as well as in the aorta without plaques (Liu 
et al., 2024). Across 17 carotid, coronary or aorta samples, an average 
plastic concentration of 118.66 ± 53.87 μg/g tissue was detected, with 
significantly higher concentrations in arteries with atherosclerotic pla-
ques compared to those devoid of such pathological features (Liu et al., 
2024). Plastic particles and fibers were also detected in cardiac tissue 
samples from 15 patients undergoing cardiac surgery using advanced 
imaging techniques, which identified nine types of MPs with diameters 

Table 4 
Summary of detected microplastics in human blood and tissue samples.

Investigated human parameter Particle properties found Concentration found Effect References
Blood 0.7–500 μm PET > PE > PS >

PMMA
1.6 μg/mL – Leslie et al. 

(2022)
0.3–500 μm PE > PVC > PET >
PMMA

1.07 μg/mL – Brits et al. 
(2024)

19.92–66.73 μm LDPE, PEAA, 
PSAN and PVA

5 MPs in 8 participants – Guan et al. 
(2023)

20–184 μm PA and PET (70 %) – – Yang et al. 
(2023)

7–3000 μm PE, EPDM, EVA/ 
EVOH, PA and PS (70 %)

– – Leonard et al. 
(2024)

Ø 20.03 μm PE, PE-co-PP, PP (58 
%)

2.2 ± 1.42 MP/mL – Xu et al. (2024)

Carotid and coronary artery and aorta PET, PA-66, PVC and PE 118.66 ± 53.87 μg/g Atherosclerosis Liu et al. (2024)
Carotid plaque <1 μm PE 

<1 μm PVC
21.7 ± 24.5 μg/mg 
5.2 ± 2.4 μg/mg

Risk of infarction and stroke Marfella et al. 
(2024)

Left atrial appendage, pericardial and epicardial adipose 
tissue, myocardium and pericardium

20–469 μm PET, PU (90 %) – – Yang et al. 
(2023)

Saphenous vein tissue 16–1074 μm Alkyd resin, PVAc, 
nylon EVA (85 %)

14.9 ± 17.2 MP/g – Rotchell et al. 
(2023)

Arterial thrombi 1–6 μm LDPE 1 piece in 1 out of 26 
thrombi

Elevated platelet level Wu et al. (2023)

Thrombi from patients with ischemic stroke (IS), myocardial 
infarction (MI), or deep vein thrombosis (DVT)

20–50 μm PE > ACR > PP > CPE >
PMMA > PU (94%)

61.75 μg/g in IS 
thrombi, 
141.8 μg/g in MI 
thrombi, 
69.62 μg/g in DVT

Increased disease severity Wang et al. 
(2024)

Non-invasive arterial blood pressure measurement – – Increased systolic and diastolic 
blood pressure

Geppner et al. 
(2024)
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ranging from 20 to 469 μm across five types of heart tissue, with PET and 
PU comprising approximately 90 % of the total quantity of MPs (Yang 
et al., 2023). Another recent investigation detected microplastics, with 
diameters ranging from 20 to 50 μm, in human thrombi from patients 
suffering from ischemic stroke, myocardial infarction, and deep vein 
thrombosis, reporting median concentrations of 61.75 μg/g, 141.80 
μg/g, and 69.62 μg/g, respectively, (Wang et al., 2024). Further studies 
have shown that both microplastics and pigment particles accumulate in 
thrombi (Wang et al., 2024; Wu et al., 2023). This in turn affects cardiac 
functions and causes toxicity on vascular sites, which in turn can affect 
blood pressure (Zhu et al., 2023). This highlights the potential cardio-
vascular risk posed by foreign particles circulating in the bloodstream.

A further investigation, conducted by our team, investigated the 
potential effects of a partial plastic diet on blood pressure. The findings 
of this pilot study indicated a correlation between reduced plastic con-
sumption and lower blood pressure. This observation led to the hy-
pothesis that plastic particles present in the bloodstream may contribute 
to elevated blood pressure (Geppner et al., 2024).

3.5. Effect of airborne particle inhalation on blood pressure

The impacts of inhaled air particulate matter (PM) on the cardio-
vascular system have been documented in different animal and human 
studies (Table 5) and inhalation seems to be the most significant route of 
human exposure to MPs, with an estimated average daily intake of 
approximately 127 MPs through ambient air (Cox et al., 2019). A pre-
vious study in rat models inhaling polyamide (PA) MPs with a mean 
diameter of 2.81 μm (PM2.5-10) and a single exposure period of 4 h–9.53 
mg/m3 aerosol showed altered levels of proinflammatory cytokines, 
with statistically significant elevations in Interleukin-6 levels and trend 
elevations (p ≤ 0.1) in C-reactive protein and monocyte chemoattractant 
protein-1 biomarkers of systemic inflammation (Cary et al., 2023). 
Additionally, significantly increased mean arterial pressure (MAP) was 
observed (Cary et al., 2023). Another study examined the effects of 
particle inhalation in Wistar rats exposed to airborne particulate matter 
with an aerodynamic diameter of 2.5 μm (PM2.5) or less at concentra-
tions of 4 and 40 mg/kg body weight (Wang et al., 2019). It was shown 
that a significant increase in blood pressure (BP) and heart rate (HR) is 
only observed at a dose of 40 mg/kg in normal rats, while BP and HR are 
already statistically significantly increased at 4 mg/kg in hyperlipidemic 
rats (Wang et al., 2019).

Similar results for BP and HR were also obtained when using ultra-
fine carbon particles with a median particle size of 31 nm applied by 
inhalation in a concentration of around 0.18 mg/m3 in spontaneously 
hypertensive rats. Blood pressure significantly increased by 4.4 % on the 
first day and heart rate significantly increased by 6.3 % on the 2nd day of 
recovery (Upadhyay et al., 2014). Additionally polymorphonuclear 
neutrophiles significantly increased by 58 %, while lymphocytes 
remained unchanged and proinflammatory cytokine interleukin 6 was 

significantly increased by 25 % on the 1st recovery day (Upadhyay et al., 
2014). A further study investigated the effects of in utero exposure to 
ultrafine particles in pregnant C57BL/6J pun/pun mice by intratracheal 
installation at a ratio of 0.4 mg/kg. They found that this exposure led to 
significantly increased intrauterine oxidative damage and elevated 
systolic BP and mean arterial pressure in male offspring (Morales-Rubio 
et al., 2019).

In human participants, a study investigated, that an exposure to fine 
particulate pollution (PM2.5) by 0.01 mg/m3 was linked to a heightened 
risk of acute ischemic coronary events among those with preexisting 
hypertension, whereas no evidence of increased risk for acute ischemic 
heart disease was found in participants without seriously diseased cor-
onary arteries (Pope et al., 2006). Another in vivo human study inves-
tigated the impact of exposure to concentrated ambient particles with a 
size of 2.5 μm (PM2.5) or less and a concentration of 0.0006 (control), 
0.21 and 0.24 mg/m3, on blood pressure (Bellavia et al., 2013). 
Compared to the control group, they found that even exposure of only 
130 min changes short-term methylation profiles, which is associated 
with statistic significant elevated systolic BP at a concentration of 0.21 
mg/m3 and high significant elevated systolic BP at a concentration of 
0.24 mg/m3 after exposure, while changes in diastolic BP were not 
statistically significant (Bellavia et al., 2013).

4. Discussion

The effects of MPs and NPs on blood pressure remain a new area of 
concern. Numerous studies suggest indirect pathways through which 
these particles may contribute to cardiovascular changes. This discus-
sion aims to bridge the current evidence and highlight how exposure to 
MPs and NPs may modulate blood pressure through these underlying 
biological pathways.

The ability of plastic particles to traverse the cellular barriers of the 
lungs and intestines allows for their direct release into the capillaries or 
transport via the lymphatic system to the venous circulation. Their 
interaction with erythrocyte membranes is unavoidable, potentially 
resulting in hemolysis and/or alterations in membrane flexibility. He-
molysis, in turn, releases cell-free hemoglobin, which, once it enters the 
bloodstream, rapidly binds to nitric oxide, a key molecule that promotes 
vasodilation and regulates blood pressure, resulting in vasoconstriction, 
increased vascular resistance and ultimately higher blood pressure 
(Rother et al., 2005). Decreased cell membrane flexibility is known to 
impede erythrocyte passage through narrow capillaries, leading to their 
premature clearance in the spleen. Moreover, this phenomenon may 
increase the likelihood of microembolism formation in diverse tissues, 
thereby elevating total peripheral resistance within the circulatory sys-
tem (Kleinbongard and Heusch, 2022).

Furthermore, spherical plastic particles were shown to cause oxida-
tive stress in endothelial cell models by increasing the formation of ROS, 
which have been implicated in the development of chronic 

Table 5 
Summary of airborne particle toxicity on blood pressure.

Models Particle properties 
that caused effects

Concentrations that 
caused effects

Effect Investigated type and 
size of particles

Investigated 
concentration

References

Sprague-Dawley rats 2.81 μm PA 9.53 mg/m3 Systematic inflammation, 
increased MAP

2.81 μm PA 9.53 mg/m3 Cary et al. (2023)

Wistar rats (normal) ≥2.5 μm PM 40 mg/kg Increased BP and HR ≤2.5 μm PM 4 and 40 mg/kg Wang et al. (2019)
Wistar rats 

(hyperlipidemic)
4 and 40 mg/kg

Spontaneously 
hypertensive rats

31 nm ultrafine 
carbon particles

180 μg/m3 Increased BP, HR, 
neutrophiles and IL-6

31 nm ultrafine 
carbon particles

0.18 mg/m3 Upadhyay et al. 
(2014)

C57BL/6J pun/pun 

mice
Ultrafine particles 0.4 mg/kg Increased BP and oxidative 

stress
Ultrafine particles 0.4 mg/kg Morales-Rubio et al. 

(2019)
Human ≤2.5 μm PM 0.01 mg/kg Increased risk of acute 

ischemic coronary events
≤2.5 μm PM 0.01 mg/kg Pope et al. (2006)

≤2.5 μm PM 0.21 and 0.24 μg/m3 Increased systolic BP ≤2.5 μm PM 0.21 and 0.24 μg/ 
m3

Bellavia et al. 
(2013)
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inflammation, endothelial damage and vascular stiffness, and may ul-
timately contribute to hypertension (Franco et al., 2022; Shaito et al., 
2022). In vivo, the vascular environment is often exposed to more 
complex and potentially harmful particles, including fibers and 
sharp-edged fragments, which then could cause inflammatory reactions 
and plaque formation, especially at sites of high arterial pressure, such 
as places of vascular branching (Kim, 2023; Patrick et al., 2021). It is 
well documented that an elevated white blood cell count is associated 
with the occurrence of hypertension, independent of other traditional 
cardiovascular risk factors (Ishida et al., 2021; Mansoori et al., 2024; 
Shankar, 2004).

In addition, in vivo animal studies have shown that exposure to 
polystyrene MPs and NPs can induce, among other effects, hyperlipid-
emia and altered lipid metabolism (Shi et al., 2022; Wang et al., 2023; 
Zhang et al., 2024, 2023; Zhao et al., 2022). It has been suggested that 
an increase in lipid levels may lead to a subsequent development of 
hypertension.

Multiple studies have already confirmed the presence of MPs in 
human blood, with particles of various sizes from 300 nm to several 100 
μm and polymer types, highlighting the systemic presence of MPs in the 
bloodstream (Brits et al., 2024; Leonard et al., 2024; Yang et al., 2023). 
Consequently, the accumulation of plastic particles in the arterioscle-
rotic plaques, as evidenced by independent studies (Liu et al., 2024; 
Marfella et al., 2024), is not unexpected. Plaques can disrupt the laminar 
blood flow, which can alter hemodynamics and increase peripheral 
vascular resistance, a factor directly related to blood pressure regulation 
(Liu and Wu, 2024). The detection of plastics in heart tissue samples and 
the great saphenous vein (Yang et al., 2023; Rotchell et al., 2023) con-
firms the systemic presence of plastic particles in the bloodstream and 
their potential risk of causing vascular damage and obstruction. The 
high variability in detected particle sizes in human blood and tissue 
samples, summarized in Tables 4 and is most likely due to differences in 
isolation and analysis methods. The frequent use of strong chemicals, 
such as potassium hydroxide (KOH) or hydrogen peroxide (H2O2), can 
induce swelling, clumping, or aggregation of plastic particles (Alfonso 
et al., 2021; Cole et al., 2014; Geppner et al., 2023). Using commercially 
available, spherical MPs, these chemically induced changes are easily 
detectable, but not in realistic plastic fragments and fibers from bio-
logical samples. Additionally, infra-red and Raman microspectroscopy 
often capture only surface signals. Particle aggregation could lead to an 
apparent increase in particle size, potentially explaining the reported 
presence of MPs larger than 10 μm in human samples.

The hypothesis that plastic particles in the blood can cause vascular 
changes and subsequently increase blood pressure is supported by evi-
dence from studies on particulate matter’s effects on the cardiovascular 
system. It has been shown that fine particulate matter, circulating in the 
human body, can influence systolic and diastolic blood pressure, due to 
inflammation, oxidative stress and immune responses, which can lead to 
a change in peripheral vascular resistance (Bartoli et al., 2009; Zhang 
et al., 2023; Pope et al., 2006; Bellavia et al., 2013). Recent findings 
reveal that the median daily intake of airborne MPs and NPs was esti-
mated to be 4.62 × 10−6 

μg for outdoor environments, while indoor 
exposure is significantly higher, with a median daily intake of 6.55 ×
10−4 

μg (Chen et al., 2024). The proportion of plastics in the fine dust 
fraction depends on prevailing environmental conditions and the spe-
cific setting.

In addition to the mechanical effects of plastic particles and fibers on 
blood pressure, chemical effects must also be considered. Phthalates, 
often used as plasticizers, can be released from ingested and inhaled MPs 
and NPs and may also contribute to elevated blood pressure. The most 
studied populations are those considered to be more vulnerable, i.e. 
children and pregnant women, but there are also studies in adults 
showing that various phthalates are associated with increased blood 
pressure (Han et al., 2020; Yao et al., 2020; Zhang et al., 2018).

5. Conclusion and prospection

In conclusion, the current state of research provides clear evidence 
that plastic particles can cross the barriers of the lungs and intestines and 
enter the bloodstream. The uptake of MPs and NPs is significantly 
increased when these barriers are compromised by damage and associ-
ated inflammatory processes. Once in the bloodstream, plastic particles 
and fibers may damage erythrocytes and endothelial cells, triggering 
immune responses that restrict blood flow, impair circulation to the 
heart, and potentially contribute to elevated blood pressure. Research 
on this topic has predominantly been conducted in cell and animal 
models, which provide valuable insights but critically do not reflect the 
human situation. The development of hypertension is a multifactorial 
condition, and its onset cannot be attributed solely to MPs and NPs. 
However, available data suggest that these particles may contribute to 
elevated blood pressure in humans by inducing cardiovascular changes, 
but validated evidence is still lacking.

Significant research gaps remain that limit our understanding of the 
impact of plastic particles on blood pressure. Key areas for future 
investigation include. 

• Standardized methods for detecting small MPs and NPs.
• Studies on the effects of MPs and NPs composed of different polymers 

on cardiovascular parameters in both in vitro and in vivo models, 
using realistic concentrations, particle sizes, shapes, and polymer 
mixtures.

• Research linking human blood pressure and other cardiovascular 
parameters to MPs/NPs levels in the blood, plastic consumption, or 
specific environmental exposures, while accounting for sex, age, and 
preexisting conditions.

• Investigations into the potential beneficial effects of reducing plastic 
intake on hypertension in humans, considering sex, age, and preex-
isting conditions.
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Schwabl, P., Köppel, S., Königshofer, P., Bucsics, T., Trauner, M., Reiberger, T., 
Liebmann, B., 2019. Detection of various microplastics in human stool: a prospective 
case series. Ann. Intern. Med. 171, 453–457. https://doi.org/10.7326/M19-0618.

Schwarzfischer, M., Niechcial, A., Lee, S.S., Sinnet, B., Wawrzyniak, M., Laimbacher, A., 
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