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Òðåõìåðíûå ìàòðèêñû èç áèîäåãðàäèðóåìûõ ïîëèìåðîâ — ïåðñïåêòèâíûé ìàòåðèàë äëÿ

ðåøåíèÿ çàäà÷ ðåãåíåðàòèâíîé ìåäèöèíû. Èõ øèðîêî ïðèìåíÿþò ïðè âîññòàíîâëåíèè öå-

ëîñòíîñòè è ôóíêöèé òêàíåé è îðãàíîâ ñ ïîìîùüþ áèîèñêóññòâåííûõ òêàíåèíæåíåðíûõ

êîíñòðóêöèé. Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðû ïîðèñòûõ áèîðåçîðáèðóåìûõ ïîëè-

ìåðíûõ ìàòðèêñîâ äëÿ òêàíåâîé èíæåíåðèè ìåòîäîì ðåíòãåíîâñêîé ìèêðîòîìîãðàôèè.

Îáðàçöû ïîëó÷àëè ìåòîäîì ñâåðõêðèòè÷åñêîé ôëþèäíîé ïëàñòèôèêàöèè D,L-ïîëèëàêòè-

äà è åãî ïîñëåäóþùåãî âñïåíèâàíèÿ â öèëèíäðè÷åñêèõ ïðåññ-ôîðìàõ. Òîìîãðàôèÿ äàåò

âîçìîæíîñòü ñîçäàòü òðåõìåðíóþ ìîäåëü îáúåêòà, îöåíèòü íå òîëüêî èíòåãðàëüíóþ ïîðèñ-

òîñòü ìàòðèêñà (êàê ýòî äåëàþò òðàäèöèîííûå ñîðáöèîííûå ìåòîäû), íî è ðàñïðåäåëåíèå

ïîð ïî ðàçìåðàì è ïðîñòðàíñòâó. Ýòî ïîçâîëÿåò îïòèìèçèðîâàòü ïàðàìåòðû òåõíîëîãè÷å-

ñêèõ ïðîöåññîâ èçãîòîâëåíèÿ ïîëèëàêòèäíûõ ìàòðèêñîâ òðåáóåìîé äëÿ òåõ èëè èíûõ áèî-

ìåäèöèíñêèõ ïðèìåíåíèé àðõèòåêòîíèêè è ïðîãíîçèðîâàòü õîä ïðîòåêàíèÿ ïðîöåññîâ èõ

áèîðåçîðáöèè â ôåðìåíòàòèâíûõ ñðåäàõ. Èññëåäîâàíèÿ ïðîâîäèëè ñ èñïîëüçîâàíèåì ëàáî-

ðàòîðíîãî ìèêðîòîìîãðàôà (ìàòåðèàë àíîäà — ìîëèáäåí, âðåìÿ ñêàíèðîâàíèÿ îáðàçöà —

120 ìèí, ðàçìåð ïèêñåëÿ äåòåêòîðà — 9 ìêì). Òîìîãðàôè÷åñêóþ ðåêîíñòðóêöèþ âûïîëíÿ-

ëè àëãåáðàè÷åñêèì ìåòîäîì. Íåîáõîäèìóþ äëÿ ðàñ÷åòà ñòðóêòóðíûõ õàðàêòåðèñòèê èññëå-

äóåìûõ ìàòðèêñîâ ïðîöåäóðó áèíàðèçàöèè ðåàëèçîâûâàëè ìåòîäîì, âêëþ÷àþùèì âûáîð

ãëîáàëüíîãî ïîðîãà. Ïðîâåäåííûå ðàñ÷åòû ïîðèñòîñòè è îäíîðîäíîñòè åå ðàñïðåäåëåíèÿ â

îáúåìå ïîëèìåðà è îöåíêà óäåëüíîé ïëîùàäè ïîâåðõíîñòè ïîð ïîêàçàëè èçîòðîïíîñòü

ïðîñòðàíñòâåííîé ñòðóêòóðû ïîëèëàêòèäíûõ ìàòðèêñîâ.

Êëþ÷åâûå ñëîâà: ïîëèìåðíûå ïîðèñòûå ìàòðèêñû; ðåíòãåíîâñêàÿ ìèêðîòîìîãðàôèÿ;

áèíàðèçàöèÿ ðåçóëüòàòîâ òîìîãðàôèè; ïîðèñòîñòü.
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Three-dimensional matrices of biodegradable polymers are promising materials for regenerative medi-

cine. They are widely used in restoring the integrity and functions of tissues and organs using bio-artificial

tissue engineering structures. We present the results of studying the structure of porous bioresorbable

polymer matrices for tissue engineering using X-ray microtomography. Samples were obtained by super-

critical fluid plasticization of D,L-polylactide with subsequent foaming in cylindrical molds. The tomo-

graphic method makes it possible to construct a three-dimensional voxel model of the object under study

and gain apart from the estimate on the integral matrix porosity (characteristic data obtained by tradi-

tional sorption procedures) additional information about the size and spatial distribution of pores thus

providing a possibility of optimization of the process parameters for production of polylactide matrices re-

quired for specific biomedical applications of architectonics, as well as forecasting the processes of their

bioresorption in enzymatic media. The experiments were carried out on a laboratory microtomograph (Mo

anode, the scan time of the sample is 120 min, the detector pixel size is 9 ìm). Tomographic reconstruc-

tion was performed by algebraic method. The binarization procedure required for calculation of the struc-

tural characteristics of studied matrices was implemented by the method with the choice of a global

threshold. Calculations of the porosity and homogeneity of the porosity distribution in the bulk, as well as

estimation of the specific surface area of pores revealed the isotropy of the spatial structure of polylactide

matrices.

Keywords: polymer porous matrices; X-ray microtomography; binarization of the tomography results;

porosity.

Ââåäåíèå

Ñåãîäíÿ áèîðåçîðáèðóåìûå (ïîñòåïåííî ðàñ-

òâîðÿþùèåñÿ â îðãàíèçìå) ïîëèìåðû àêòèâíî

èñïîëüçóþò â òåõíîëîãèÿõ ñîâðåìåííîé ðåãåíå-

ðàòèâíîé ìåäèöèíû. Ñ èõ ïîìîùüþ ðåøàþò çà-

äà÷è âîññòàíîâëåíèÿ óòðà÷åííûõ òêàíåé èëè îð-

ãàíîâ ïóòåì ñîçäàíèÿ èñêóññòâåííûõ èëè ãèáðèä-

íûõ òêàíåèíæåíåðíûõ êîíñòðóêöèé (ÒÈÊ).

Ïîðèñòûå ïîëèìåðíûå ñòðóêòóðû — áèîäå-

ãðàäèðóåìûå òðåõìåðíûå ìàòðèêñû — êëþ÷åâîé

ýëåìåíò äëÿ òðàíñïëàíòàöèè êëåòîê. Îíè îáåñïå-

÷èâàþò èõ æèçíåäåÿòåëüíîñòü â ïåðèîä ôîðìèðî-

âàíèÿ íîâîé òêàíè òðåáóåìîãî òèïà [1 – 3]. Ïðè

ñîçäàíèè òàêèõ ïîëèìåðíûõ ìàòðèêñîâ íåîáõî-

äèìî äîáèòüñÿ íàëè÷èÿ ó íèõ îïðåäåëåííûõ áèî-

ëîãè÷åñêèõ è ôèçèêî-õèìè÷åñêèõ õàðàêòåðèñòèê:

íèçêîé öèòîòîêñè÷íîñòè, âûñîêèõ áèîñîâìåñòè-

ìîñòè è ìåõàíè÷åñêîé ïðî÷íîñòè, à òàêæå îïòè-

ìàëüíîé ñêîðîñòè áèîäåãðàäàöèè (èëè áèîðå-

çîðáöèè) ñ îáðàçîâàíèåì íåòîêñè÷íûõ êîìïîíåí-

òîâ. Êðîìå òîãî, ïðèíöèïèàëüíî âàæíî, ÷òîáû

ìàòðèêñû äëÿ ÒÈÊ èìåëè ñèñòåìó âçàèìîñâÿçàí-

íûõ ïîð, îáåñïå÷èâàþùóþ áåñïðåïÿòñòâåííîå

ïðîðàñòàíèå æèâûõ êëåòîê âãëóáü ìàòðèêñà, äîñ-

òàâêó ê íèì íåîáõîäèìûõ ïèòàòåëüíûõ âåùåñòâ

è ñâîáîäíîå óäàëåíèå ïðîäóêòîâ èõ æèçíåäåÿ-

òåëüíîñòè [4, 5].

Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðû ïî-

ðèñòîãî ïîëèëàêòèäíîãî ìàòðèêñà ìåòîäîì ðåíò-

ãåíîâñêîé ìèêðîòîìîãðàôèè (ÐÌÒ) äëÿ îïòèìè-

çàöèè òåõíîëîãè÷åñêèõ ïðîöåññîâ èçãîòîâëåíèÿ

áèîðåçîðáèðóåìûõ ìàòðèêñîâ òðåáóåìîé äëÿ êîí-

êðåòíûõ áèîìåäèöèíñêèõ ïðèìåíåíèé àðõèòåê-

òîíèêè è ïðîãíîçà ïðîöåññîâ èõ áèîðåçîðáöèè â

æèâîì îðãàíèçìå.

Ìàòåðèàëû, îáîðóäîâàíèå, ìåòîäû

Äëÿ èçãîòîâëåíèÿ áèîðåçîðáèðóåìûõ ïîðèñ-

òûõ ïîëèìåðíûõ ìàòðèêñîâ èñïîëüçîâàëè D,L-

ïîëèëàêòèä ìàðêè Purasorb PDL05 (PURAC Bio-

chem bv, Íèäåðëàíäû). Ôîðìèðîâàíèå ïîð îñó-

ùåñòâëÿëè ñ ïðèìåíåíèåì ñâåðõêðèòè÷åñêîãî äè-

îêñèäà óãëåðîäà ñê-ÑÎ2, ñïîñîáíîãî ïëàñòèôèöè-

ðîâàòü àìîðôíûå è ÷àñòè÷íî êðèñòàëëè÷åñêèå

ïîëèìåðû çà ñ÷åò ýôôåêòà ñíèæåíèÿ èõ òåìïåðà-

òóðû ñòåêëîâàíèÿ Tg [6]. Ïîëèìåð ñíà÷àëà çàãðó-

æàëè â ñïåöèàëüíóþ ïðåññ-ôîðìó ñ íåîáõîäèìû-

ìè ãåîìåòðè÷åñêèìè ïàðàìåòðàìè è ïëàñòèôè-

öèðîâàëè ïîä äåéñòâèåì ñê-CO2 ïðè òåìïåðàòóðå

T = 35 °C è äàâëåíèè P = 10,0 ÌÏà. Çàòåì ïëà-

ñòèôèöèðîâàííàÿ ïîëèìåðíàÿ ìàññà âñïåíèâà-

ëàñü â ïðîöåññå êîíòðîëèðóåìîãî ñáðîñà äàâëå-

íèÿ äèîêñèäà óãëåðîäà äî àòìîñôåðíîãî çíà÷å-

íèÿ. Ýòî ïðèâîäèëî ê ôîðìèðîâàíèþ â íåé ðàç-

âåòâëåííîé ïîðèñòîé ñòðóêòóðû [7, 8].

Ïàðàìåòðû îáðàçóþùåéñÿ ïîðèñòîñòè ìîæíî

ìåíÿòü, âàðüèðóÿ ðåæèìû ñâåðõêðèòè÷åñêîé

ôëþèäíîé (ÑÊÔ) ïëàñòèôèêàöèè ïîëèìåðà è

äàâëåíèå CO2 [9]. Íà ðèñ. 1 ïðåäñòàâëåíû îáðà-

çåö èññëåäóåìîãî ïîðèñòîãî ïîëèëàêòèäíîãî ìàò-

ðèêñà è åãî âíóòðåííÿÿ ñòðóêòóðà, ïîëó÷åííàÿ ñ

ïîìîùüþ ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêî-

ïèè (ÑÝÌ).
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Èññëåäîâàíèÿ ïðîâîäèëè ñ èñïîëüçîâàíèåì

ëàáîðàòîðíîãî ìèêðîòîìîãðàôà [9] (èñòî÷íèê èç-

ëó÷åíèÿ ñ òðóáêîé ñ ìîëèáäåíîâûì àíîäîì GE

ISOVOLT 3003, óñêîðÿþùåå íàïðÿæåíèå —

40 êÂ, òîê — 20 ìÀ, ýíåðãèÿ çîíäèðóþùåãî èçëó-

÷åíèÿ — 17,5 êýÂ, ìîíîõðîìàòîð — êðèñòàëë ïè-

ðîãðàôèòà, ðàññòîÿíèÿ ìîíîõðîìàòîð — îáðàçåö

è îáðàçåö — äåòåêòîð — 1,2 è 0,03 ì) (ðèñ. 2). Â

êàæäîì ýêñïåðèìåíòå èçìåðÿëè 400 ïðîåêöèé â

óãëîâîì äèàïàçîíå 200° ñ øàãîì 0,5°. Ðàçìåð ïèê-
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Ðèñ. 2. Ðåíòãåíîâñêèé ìèêðîòîìîãðàô (à) è åãî ïðèíöèïèàëüíàÿ áëîê-ñõåìà (á): 1 — ðåíòãåíîâñêàÿ òðóáêà; 2 — êðèñ-

òàëë-ìîíîõðîìàòîð; 3 — âàêóóìíûé îáúåì; 4 — ôîðâàêóóìíûé íàñîñ; 5 — êîîðäèíàòíûé ñòîë ñ ãîíèîìåòðè÷åñêèì

óñòðîéñòâîì äëÿ âðàùåíèÿ îáðàçöà; 6 — ðåíòãåíîâñêèé äåòåêòîð XIMEA xiRAY11; 7 — áèîçàùèòà

Fig. 2. X-ray microtomograph (a) and block diagram (b): 1 — X-ray tube; 2 — crystal-monochromator; 3 — vacuum volume;

4 — forepump; 5 — coordinate table with a goniometer device for sample rotation; 6 — X-ray detector XIMEA xiRAY11; 7 —

biological protection

à á

Ðèñ. 1. Ïîðèñòûé ìàòðèêñ èç PDL05 (à) è åãî ñòðóêòóðà, ïîëó÷åííàÿ ñ ïîìîùüþ ÑÝÌ (á)

Fig. 1. Porous PDL05 matrix (a) and matrix structure obtained on a scanning electron microscope (b)
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Ðèñ. 3. Ñå÷åíèÿ ïîëèìåðà ïîñëå òîìîãðàôè÷åñêîé ðåêîíñòðóêöèè (à), ãëîáàëüíîé ïîðîãîâîé áèíàðèçàöèè (á), âûïîëíå-

íèÿ ìîðôîëîãè÷åñêîé îïåðàöèè «çàêðûòèå» (closing) (â) è ãèñòîãðàììà ëèíåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ, ïîñòðîåí-

íàÿ ïî âîññòàíîâëåííîìó èçîáðàæåíèþ (ã)

Fig. 3. Polymer cross sections after tomographic reconstruction (a), global threshold binarization (b), morphological opera-

tion «closing» (c) and histogram of the linear absorption coefficient based on the reconstructed image (d)



ñåëà äåòåêòîðà ñîñòàâëÿë 9 × 9 ìêì, îáùåå âðåìÿ

ñêàíèðîâàíèÿ — 120 ìèí. Òîìîãðàôè÷åñêóþ ðå-

êîíñòðóêöèþ è ðàñ÷åò ìàêðîìîëåêóëÿðíûõ õà-

ðàêòåðèñòèê îñóùåñòâëÿëè ñ ïîìîùüþ ñïåöèàëü-

íîãî ïðîãðàììíîãî îáåñïå÷åíèÿ [10, 11].

Îáñóæäåíèå ðåçóëüòàòîâ

Ìàêðîìîëåêóëÿðíûå ïàðàìåòðû ïîëèìåðà

ðàññ÷èòûâàëè ñ èñïîëüçîâàíèåì ïðîöåäóðû ãëî-

áàëüíîé ïîðîãîâîé áèíàðèçàöèè âîññòàíîâëåííî-

ãî èçîáðàæåíèÿ. Âåëè÷èíó ïîðîãà îïðåäåëÿëè ïî

ðåçóëüòàòàì àíàëèçà ãèñòîãðàììû, ïîñòðîåííîé

ïî ëèíåéíûì êîýôôèöèåíòàì ïîãëîùåíèÿ âîñ-

ñòàíîâëåííîãî èçîáðàæåíèÿ (â íàøåì ñëó÷àå ãèñ-

òîãðàììà áûëà áèìîäàëüíîé ñ ÷åòêèì ðàçäåëåíè-

åì ìàêñèìóìîâ, îòíîñÿùèõñÿ ê ôîíó íà èçîáðà-

æåíèè è îáúåêòó). Îòìåòèì, ÷òî óøèðåíèå ìàê-

ñèìóìîâ ôîíà è îáúåêòà íà ãèñòîãðàììå ñâÿçàíî

ñî ñòàòèñòè÷åñêèì ðàçáðîñîì ïàðàìåòðîâ ýêñïå-

ðèìåíòàëüíûõ èçìåðåíèé è ôëóêòóàöèÿìè ëè-

íåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ.

Íà ðèñ. 3 ïðåäñòàâëåíû ñå÷åíèÿ ïîëèìåðà

ïîñëå ðåêîíñòðóêöèè, ïðîöåññà áèíàðèçàöèè,

ìîðôîëîãè÷åñêîé îïåðàöèè «çàêðûòèå» è ãèñòî-

ãðàììà ëèíåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ.

Ïîðèñòîñòü ðàññ÷èòûâàëè ñëåäóþùèì îá-

ðàçîì:

P = (1 – Vp/Vs) · 100 %, (1)

ãäå Vs, Vp — îáúåìû îáðàçöà è ïîëèìåðà (âû÷èñ-

ëÿëè ñóììèðîâàíèåì âîêñåëåé áèíàðèçîâàííîãî

ìàññèâà, äëÿ ðàñ÷åòà Vs ïðåäâàðèòåëüíî âûïîë-

íÿëè îïåðàöèþ «çàêðûòèå»).

Äëÿ õàðàêòåðèñòèêè ðàñïðåäåëåíèÿ ïîð âî

âíóòðåííåì ïðîñòðàíñòâå îáðàçöà ðàññ÷èòûâàëè

âåëè÷èíû ïîðèñòîñòè äëÿ íåñêîëüêèõ ïîäîáúå-

ìîâ ðàçíîãî ðàçìåðà (ðèñ. 4). Óñòàíîâèëè, ÷òî ïî-

ðèñòîñòü ïîëèìåðà êîëåáëåòñÿ â ïðåäåëàõ îò 61,5

äî 64,1 % â îáúåìå îáðàçöà.

Äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ ïîëèìåðà

â ðåãåíåðàòèâíîé ìåäèöèíå íåîáõîäèìî çíàòü

ðàçìåðû ïîð è ïëîùàäü èõ ïîâåðõíîñòè. Êîëè÷å-

ñòâåííóþ õàðàêòåðèñòèêó ýëåìåíòîâ ïîðèñòîé

ñòðóêòóðû îáðàçöà ïîëó÷àëè ñ ïîìîùüþ ðàñ÷åòà

ãèñòîãðàììû ðàñïðåäåëåíèé ëèíåéíûõ ðàçìåðîâ

ïîð è òîëùèí ñòåíîê ïîëèìåðíîãî ìàòðèêñà. Äëÿ

ýòîãî èñïîëüçîâàëè ìåòîä ïîñòðî÷íîãî ñêàíèðî-

âàíèÿ áèíàðèçîâàííîãî ìàññèâà äàííûõ âîññòà-

íîâëåííîãî èçîáðàæåíèÿ ïîëèìåðà. Â êàæäîé

ñòðîêå çà òîëùèíû ñòåíîê ïðèíèìàëè äëèíû íå-

ïðåðûâíûõ îòðåçêîâ Äx (ñîñòîÿùèå èç ýëåìåíòîâ
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à á

Ðèñ. 4. Ñõåìà ðàçáèåíèÿ îáðàçöà ïîëèìåðà íà ïîä-

îáúåìû (à) è çàâèñèìîñòü ïîðèñòîñòè ïîëèìåðà îò äîëè

îáúåìà îáðàçöà (á)

Fig. 4. Scheme of splitting (into sub-volumes) of the poly-

mer sample (a) and values of the polymer porosity calculated

in each of sub-volumes (b)

à
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1
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Ðèñ. 5. Ãèñòîãðàììû ðàñïðåäåëåíèé ëèíåéíûõ ðàçìåðîâ ñòåíîê ïîëèìåðà (à) è ïîð (á), ðàññ÷èòàííûå âäîëü âçàèìíî

ïåðïåíäèêóëÿðíûõ îñåé XYZ (ñîîòâåòñòâåííî êðèâûå 1 – 3)

Fig. 5. Histograms of the distributions of linear dimensions of polymer walls (a) and pore sizes (b) calculated along mutually

perpendicular axes XYZ (curves 1 – 3)



èçîáðàæåíèÿ ñ êîîðäèíàòàìè xi, ãäå i = 1, 2, ...,

n), äëÿ êîòîðûõ âûïîëíÿëîñü óñëîâèå
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ãäå P(xi) — çíà÷åíèå ýëåìåíòà áèíàðèçîâàííîãî

èçîáðàæåíèÿ (ìîæåò ïðèíèìàòü çíà÷åíèÿ 0 èëè

1) ñ êîîðäèíàòîé xi.

Çà ëèíåéíûå ðàçìåðû ïîð ïðèíèìàëè äëèíû
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Ðàñïðåäåëåíèÿ ðàññ÷èòûâàëè íåçàâèñèìî

âäîëü ïðîèçâîëüíî âûáðàííûõ âçàèìíî ïåðïåí-

äèêóëÿðíûõ îñåé XYZ. Ðåçóëüòàò ðàñ÷åòà ïðèâå-

äåí íà ðèñ. 5. Âèäíî, ÷òî ðàñïðåäåëåíèÿ ðàçìå-

ðîâ ïîð è ñòåíîê ïîëèìåðà, ïîëó÷åííûå âäîëü

ðàçíûõ íàïðàâëåíèé (êðèâûå 1 – 3), ñîâïàäàþò

äðóã ñ äðóãîì â äèàïàçîíàõ 0,01 – 0,9 (äëÿ òîë-

ùèí ñòåíîê) è 0,01 – 2,5 ìì (äëÿ ðàçìåðîâ ïóñ-

òîò). Íåñîâïàäåíèå êðèâûõ â äèàïàçîíàõ 0,9 – 3,5

è 2,5 – 5,0 ìì ñîîòâåòñòâåííî ïðåæäå âñåãî ìîæ-

íî îáúÿñíèòü òåì, ÷òî äàííûå äèàïàçîíû ñîïî-

ñòàâèìû ñ ðàçìåðàìè èññëåäóåìîãî îáðàçöà.

Òàêèì îáðàçîì, ïðîâåäåííûå ðàñ÷åòû ïîêàçàëè,

÷òî ðàñïðåäåëåíèå ëèíåéíûõ ðàçìåðîâ èññëåäî-

âàííîé ïîðèñòîé ñòðóêòóðû èçîòðîïíî ïî íà-

ïðàâëåíèÿì.

Ïîñêîëüêó âîäíûå ðàñòâîðû âçàèìîäåéñòâó-

þò ñ ïîðèñòîé ñòðóêòóðîé ïîëèìåðà ÷åðåç åå ïî-

âåðõíîñòü, îïðåäåëÿëè çíà÷åíèå óäåëüíîé ïî-

âåðõíîñòè, îò êîòîðîé çàâèñèò ýôôåêòèâíîñòü

ïðîöåññîâ ðåçîðáöèè. Âåëè÷èíó óäåëüíîé ïî-

âåðõíîñòè íàõîäèëè èç ñîîòíîøåíèÿ

Sóä = Sp/Vs, (2)

ãäå Sp — ïëîùàäü ïîâåðõíîñòè ïîð.

Sóä ðàññ÷èòûâàëè íà îñíîâå äàííûõ âîññòà-

íîâëåííîãî èçîáðàæåíèÿ ñ ïîìîùüþ ñòåðåîëîãè-

÷åñêîãî ïîäõîäà [12].

Ïàðàìåòðû èññëåäóåìîãî îáðàçöà â èòîãå ñî-

ñòàâèëè: ðàçìåðû öèëèíäðè÷åñêîãî îáðàçöà (ìì)

D = 5,7, h = 4,9; ïîðèñòîñòü — 63,7 %; óäåëüíàÿ

ïîâåðõíîñòü — 10,8 ìì–1.

Çàêëþ÷åíèå

Ìåòîäîì ðåíòãåíîâñêîé ìèêðîòîìîãðàôèè

èññëåäîâàí îáðàçåö ïîðèñòîãî ìàòðèêñà èç D,L-

ïîëèëàêòèäà ìàðêè Purasorb PDL05. Íà îñíîâå

âîññòàíîâëåííîãî òðåõìåðíîãî èçîáðàæåíèÿ îáú-

åêòà ðàññ÷èòàíû ïîðèñòîñòü (êîëåáëåòñÿ â ïðåäå-

ëàõ îò 61,5 äî 64,1 % â îáúåìå îáðàçöà) è óäåëü-

íàÿ ïîâåðõíîñòü (10,8 ìì–1). Ïðåäëîæåí ìåòîä

îöåíêè ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ïîð â

îáúåìå ïîëèìåðà. Íà îñíîâå ðàñ÷åòîâ õàðàêòåðè-

ñòèê ïîðèñòîé ñòðóêòóðû, ïðîâåäåííûõ âäîëü

òðåõ âçàèìíî ïåðïåíäèêóëÿðíûõ îñåé, óñòàíîâ-

ëåíî, ÷òî ðàñïðåäåëåíèå ïîð ïî ðàçìåðàì èçî-

òðîïíî ïî íàïðàâëåíèÿì. Ïîëó÷åííûå ðåçóëüòà-

òû ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëèçà ãèñòî-

ãðàìì ÿðêîñòåé è ðàçðàáîòêè ñïîñîáà äëÿ àíàëè-

çà íåñáàëàíñèðîâàííûõ êëàññîâ ïîëèìåðîâ [13].

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ìèíè-

ñòåðñòâà íàóêè è âûñøåãî îáðàçîâàíèÿ â ðàìêàõ

âûïîëíåíèÿ ðàáîò ïî ãîñóäàðñòâåííîìó çàäà-

íèþ ÔÍÈÖ «Êðèñòàëëîãðàôèÿ è ôîòîíèêà»

ÐÀÍ (â ÷àñòè «ïðîâåäåíèÿ ýêñïåðèìåíòîâ») è

Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâà-

íèé (â ÷àñòè ðåêîíñòðóêöèè ðåíòãåíîâñêèõ ìèê-

ðîòîìîãðàôè÷åñêèõ èçîáðàæåíèé è èõ àíàëèçà,

ïðîåêò ¹ 18-29-26019, è â ÷àñòè ÑÊÔ ôîðìèðî-

âàíèÿ áèîðåçîðáèðóåìûõ ïîðèñòûõ ìàòðèêñîâ,

ïðîåêò ¹ 16-29-07356).
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